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ABSTRACT
A  MULTITECHNIQUE INVESTIGATION OF THE CHEMICAL 
AND PHYSICAL PROPERTIES OF CARBON FIBRE SURFACES
by Jenny Marie Bowles
The oxidative surface treatment of carbon fibres is of great technical 
importance. It is widely recognised that the interface between the fibre 
and matrix resin can have a large effect on the mechanical properties of 
the composite. However this empirical understanding is not sufficient to 
allow either the prediction of the effect of new surface treatments, or to 
tailor the interfacial region for particular applications.
The work described in this thesis attempts to improve this understanding by 
rigorous analysis of the changes arising at the fibre surfaces as a 
function of surface treatment. The effect of surface oxidation was 
followed by a wide range of surface sensitive techniques, providing a 
picture of the changes in surface chemistry and physics. The experimental 
parameters affecting the degree of surface oxidation were investigated on 
both on a laboratory and commercial scale. The effect of surface treatment 
on mechanical performance was assessed by laminate tests.
Surface oxidation has been shown to increase the number of chemically 
reactive groups on the surface, as well as increasing the depth of 
oxidation. A  large number of surface analyses by XPS allowed the 
development of a self consistent curve fitting protocol to quantify the 
carbon-oxygen functionality after treatment. There is no conclusive 
evidence that oxidation radically alters the morphology of the fibre 
surfaces. Increasing the level of surface oxidation changes the mechanical 
response of composites, and is resin dependent.
In conclusion, this systematic study has shown that, contrary to some of 
the mechanisms proposed in the literature, the question of how the state of 
the fibre surface affects the interface in composite materials is extremely 
complex. This work has, however, provided a broad base upon which further 
work can be attempted to reach the ultimate goal of engineering the 
interface.
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CHAPTER 1
1. COMPOSITE MATERIALS
Carbon fibre reinforced plastics (CFRP) are used in a wide variety of 
applications, from aerospace to sports equipment, where their novel 
properties have an advantage over conventional materials. The driving 
force behind the development of high performance materials is the demand 
for lighter, stiffer materials from the aerospace industry. Advanced 
conposites show much higher specific strength, ie strength per unit weight, 
than metals, and their use can lead to lighter aircraft, and improved fuel 
efficiency.
There are as many definitions of composite materials as there are 
composites, however all have a number of elements in common. A composite 
consists of at least two phases, the matrix and the reinforcement. The 
reinforcing phase will usually provide stiffness and strength, vdiile the 
matrix holds the composite together. The aim of all design is that the 
mechanical response of the composite should be an improvement over that of 
the individual constituents, and available isotropic materials. This can 
only be achieved if there is a mechanism by which the external load can be 
transferred through the matrix to the reinforcement. The interface (or 
interphase) between the two components is therefore of great importance in 
determining the mechanical response of the material.
Different types or classes of composite materials can be defined in 
relation to the type of reinforcement used, ie particulate or fibres.
Fibre reinforced composites cover a wide range of reinforcing materials 
(glass, carbon and ceramics), in a variety of matrices (polymers, metals 
and cement). High performance carbon fibres used to produce polymer 
matrices reinforced with continuous fibres are the subject of this thesis.
Early studies showed that composites manufactured from carbon fibres and 
epoxy resins had poor mechanical properties, particularly their 
interlaminar shear strength (ILSS). This test is used extensively to 
compare the effect of different surface treatments on the level of 
fibre/resin adhesion, although it does not provide a direct measure of 
interface strength. The poor performance was due to low adhesion between
the fibres and the matrix resins. In the absence of sufficient interaction 
across the matrix/fibre interface, stress transfer will not be effective, 
and the full strength of the fibres will not be realised. A  weak interface 
will also lead to a low tensile strength at 90® to the fibre direction.
The problem of a low level of interaction was overcome by the application 
of various surface treatments to the fibres to increase the adhesion 
between the two components. Since the mechanism of adhesion between the 
"inorganic" carbon fibre and the organic resin was not known, different 
surface treatments were applied to promote different types of interaction. 
For example one route was to increase the surface area, and therefore the 
area of interaction of the fibres, by growing whiskers of silicon carbide 
on the fibre surfaces. However the limitations of cost, and ease of 
treatment meant that most of the surface treatments were oxidative in 
nature. In extreme cases (boiling in nitric acid or extensive exposure to 
air at elevated temperature) the fibres were damaged by the formation of 
etch pits and the fibre strength reduced. Less severe oxidation of the 
fibres led to composites with significantly improved values of ILSS. The 
mechanisms by which these improvements arose were not understood. Surface 
treatment could lead to a variety of effects, all of which could modify the 
level of adhesion between the fibre and the resin. For example reactive 
functional groups could be introduced into the fibre surface, which could 
form covalent bonds with the resin during cure. Alternatively, these 
groups could modify the surface energy of the fibres such that wetting by 
the resin was enhanced. This could again give rise to improved adhesion, 
as the number of intimate contacts increased. It is also possible that 
topological changes on the fibre surface could be the over-riding factor in 
the improvements, either by the removal of weakly attached material, or by 
the development of pores/increased surface area.
Work reported in the literature has tended to be fragmented, due in part to 
the secrecy surrounding the commercial surface treatment methods. In 
addition it has been implicit in some studies that there is a single, 
simple mechanism which can be invoked to explain all asp>ects of 
fibre/matrix interactions and their effect on composite mechanical 
properties. However there are few examples where more than one analytical 
technique or mechanical test have been carried out to verify this 
assumption and it is therefore not proven. It is still not possible, by 
characterising the effect on a new surface treatment on the fibre surfaces, 
to predict its effect on the mechanical properties of existing materials, 
or to design surface treatments for novel resin systems.
Over the last two decades a great deal of work has been reported on the 
manufacture of carbon fibre composites and their mechanical performance. 
Fibre manufacturers have improved the strength and modulus of the fibres, 
while the resin producers have developed tougher and more thermally stable 
polymers. Unfortunately, these developments have often been carried out 
independently, so that superior composite properties have not always been 
achieved. In order for the improvements in the composite to be made, the 
effect of the fibre-matrix interface imust also be considered, and so the 
fibre surface treatment is of great importance.
The work reported in this thesis was undertaken to obtain an understanding 
of how a successful commercial surface treatment affects the nature of the 
fibre surface, and how these parameters change with surface treatment.
This was achieved through collaboration with a fibre manufacturer, BP 
Chemicals (Hitco Inc) (BPCHI), who supplied treated and untreated fibres 
from their commercial range and also produced fibres with specific surface 
treatments. The close collaboration possible with BPCHI, the fibre 
manufacturers, was of great advantage for the work reported in this thesis. 
This meant that not only could fibres be produced with different levels of 
surface treatment, but that all relevant process parameters were also 
known. The availability of commercially treated fibres, with a documented 
surface treatment history allows the response to the surface treatment 
parameters to be determined, and the changes in surface chemistry to be 
related to them. The knowledge of the plant scale process means that 
realistic laboratory scale experiments can be undertaken. These can be 
used to optimise the current surface treatment technology, and to evaluate 
new operating conditions. In addition, sufficient quantities of material 
could be produced to enable an extensive programme of laminate testing.
The complex nature of the fibre surfaces requires that a number of 
characteristics need to be determined: the level of oxidation, the type of 
functionality produced, changes in surface energy, as well as the surface 
area and topography of the fibre surface. This requires that a multi­
technique approach must be adopted. A literature survey was carried out to 
evaluate the approaches that had already been applied to this area. X-ray 
photoelectron spectroscopy (XPS) was used to determine the effect of 
different experimental conditions on the level of surface oxidation, both 
on the plant and laboratory scale. It was also be used to examine the 
functionality of the surface layers. The reactivity of these groups was
investigated by the use of fluorine labelled coitpounds, the extent of 
reaction quantified subsequently by XPS analysis. The physical 
characteristics (surface area, oxide thickness, surface energy, morphology) 
of a selected range of fibres were also examined. Surface areas were 
measured using gas adsorption, scanning electron microscopy and scanning 
tunnelling microscopy were used to investigate the fibre surface 
morphology. Contact angle data was used to assess the homogeneity of 
surface treatment and changes in surface energy. Secondary ion mass 
spectrometry, angle resolved XPS and Rutherford back scattering 
spectroscopy were used to measure the thickness of the oxidised layer.
The effect of surface treatment on mechanical properties was investigated 
by the testing of conposite materials manufactured from fibres Wiich had 
experienced a range of surface treatments. Two resin systems, a toughened 
epoxy and high temperature bismaleimide (BMI) were used with the fibres.
The mechanical response of the conposites was evaluated by a variety of 
tests, chosen to look at all aspects of composite behaviour (strength, 
toughness, damage tolerance). This is inçortant, since a single coirposite 
test such as the ILSS, only gives very limited data on the mechanical 
response of the composite.
This work uses a systematic approach to the determination of the parameters 
affecting the extent of carbon fibre surface oxidation; the 
characterisation of the effect of the treatments on the chemistry and 
physics of the surfaces. A detailed knowledge of the process parameters, 
surface characterisation and conç>osite performance should enable these 
parameters to be related to each other. Following this, general guidelines 
for the design of further fibre surface treatments should become clearer. 
The eventual aim is to have a conprehensive data base and sufficient 
knowledge to be able to design the interface for specific applications.
The work reported in this thesis presents a first step along this path.
CHAPTER 2
2. BACKGROUND TO CARBON FIBRE TECHNOLOGY
The first part of this chapter will cover the basic principles involved in 
carbon fibre manufacture, and give a brief description of some of their 
properties. The next two sections report a literature review of 
investigations into the effect of surface treatment on carbon fibre 
surfaces, and the correlations that have been made between the extent of 
surface treatment and mechanical properties of conposites.
2.1 FIBRE MANUFACTURE AND NOMENCLATURE
Carbon filaments were first produced by Edison (1892) for the coils in 
electric lanps by the carbonisation of polymer fibres. However the use of 
carbon fibres in structural applications, in composite materials, only 
became possible with the development of strong fibres formed under 
controlled carbonisation conditions in the 1960s. The early work to 
optimise the mechanical properties of the fibres was carried out in Japan 
(Shindo 1961) and the United Kingdom by Johnson and Watt (reviewed by Watt 
1979). Rayon and polyacrylonitrile (PAN) polymer fibres were the most 
frequently used precursors due to the relatively high carbon yield, and the 
improvements in carbon fibre strength vrfiich could be brought about by 
stretching the polymer fibres before and during carbonisation.
Although actual processing conditions used by different manufacturers are 
proprietary, the main stages of production are known and a schematic of the 
production process is given in figure 2.1. Each section will be dealt with 
in turn.
2.1.1 Precursor
Only carbon fibres produced from PAN fibres (ie "ex-PAN") will be discussed 
although the main stages are similar for other polymer fibres. The 
composition of the PAN used to produce fibres of high quality, for 
conversion to carbon fibres, is proprietary information, though co-monomers 
are often present eg methyl acrylate and itaconic acid. The PAN fibres are 
highly orientated and can be produced with a variety of cross-sections, 
which are retained by the carbon fibres.
2.1.2 Oxidation
The PAN precursor is first oxidised to stabilise the fibre, so that 
preferred orientation is not lost during the subsequent carbonisation.
This step also increases the carbon yield of the polymer. The oxidation 
process is thought to result in two major reactions - the introduction of 
oxygen functionalities and the polymerisation of the nitrile groups to form 
a "ladder" polymer.
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Figure 2.1 Schematic of carbon fibre manufacturing process
2.1.3 Carbonisation
The fibres pass though carbonisation furnaces where both the temperature 
profiles and the degree of stretch (or shrinkage) of the fibres are closely 
controlled, depending on the required mechanical properties of the 
material. Up to 50% of the weight of the fibre is lost as volatile gases 
(water, hydrogen cyanide etc) leaving a fibre which is >95% carbon.
Extended sheets of condensed aromatic rings are formed - "graphene sheets". 
In the case of fibres produced from a PAN precursor it is not possible to 
graphitise the fibres, that is produce the three dimensional order
characteristic of graphite itself. The planes of rings are stacked in a 
similar manner to graphite, but there is no orientation between the planes, 
and the plane-plane separation is greater than for graphite. This 
structure is described as turbostratic.
2.1.4 Surface treatment and sizing
After carbonisation the fibres undergo surface treatment in order to obtain
good fibre-matrix bonding in the composite. This is usually an oxidative 
process which may remove weakly bound surface layers and/or introduce 
surface functionality. The details of these are proprietary, but are 
generally thought to be electrochemical, involving anodic oxidation of the 
fibre. Research reports and patents mention the use of a wide range of 
surface oxidation methods including (combinations of) thermal,
electrochemical, chemical and plasma techniques. The fibres are usually
sized with epoxy resin on the same production line, to assist with the 
subsequent handling and resin wet-out of the fibre.
2.1.5 Nomenclature
Initially fibres were characterised by their carbonisation tenperature, as 
modulus tended to increase with increasing carbonisation teirç)erature. Thus 
high modulus fibres (Type I) were produced at high tenperatures (>2000®C), 
and low modulus/high strength fibres (Type II) at lower temperatures (1000- 
1600®C). More recent improvements in fibre production have resulted in 
fibres with a tensile strength similar to Type II fibres, but with 
increased modulus. These are known collectively as intermediate modulus 
(IM) fibres.
Some authors have also used the terms "graphite" and "carbon" to 
differentiate between high modulus and high strength fibres. For ex-PAN 
fibres this is incorrect, as unlike fibres derived from pitch, it is not 
possible to increase the structural order to the extent of forming graphite 
crystals. The term graphite fibre can however be used in relation to some 
pitch fibres produced at very high temperatures, where the fibre structure 
is graphitic.
2.1.6 Morphology
All ex-PAN fibres have a have a turbostratic structure, (ie parallel 
graphene planes with no orientational order between the planes). The 
preferred orientation of the planes is in the direction of the fibre axis. 
Viewed in fibre cross section the alignment is random although there is 
evidence from TEN and Raman of an orientated "skin" around 100-150 nm thick 
on the surface of Type I fibres (Bennett 1979). Large misaligned 
crystallites in the surface of these fibres have been proposed as strength 
limiting features. The layer planes are very convoluted and hair pin bend 
features have been detected on the surface of fibres by TEM. X-ray 
diffraction data indicates the presence of long needle shaped voids in the 
fibres, formed by the complex interlinking of the crystallites as shown in 
figure 2.2 (Johnson 1988). The various types of flaws present in carbon 
fibres have been reviewed by Kalnin (Kalnin 1988). Studies of intermediate 
modulus (IM) fibres are few; tJie structure being generally relatively 
disordered. The difference between the older Type II and the new IM fibres 
is thought to be due to improvements in precursor PAN quality and optimised 
pretreatments (oxidation and stretch).
Figure 2.2 Three dimensional representation of the internal structure 
of a Type II carbon fibre
2.1.7 Mechanical properties
The tensile modulus (E) and the tensile strength (a) are the measures used 
to characterise carbon fibres. Typical ranges of values for the three main 
classes of fibres are indicated below:
Fibre Type Tensile modulus Tensile strength
High modulus Type I 350-600 GPa 2-3 GPa
High strength Type II 200-250 GPa 3.5-5 GPa
Intermediate modulus IM 240-320 GPa 5-5.7 GPa
2.2 THE ROLE OF FIBRE SURFACE TREATMENT
2.2.1 Mechanisms of Fibre-Resin Bonding
There are several theories used to explain improved interfacial bonding 
following the surface oxidation treatment. These include
* Increased surface functionality for chemical bonding.
* Improved wetting of the fibre by the resin.
* Increased surface area/roughness for mechanical keying.
* Removal of a weak boundary layer on the fibre surface.
* Production of "active sites" on the fibre surface.
The evidence for the various bonding mechanisms will be discussed after the 
surface chemistry of carbon fibres has been reviewed.
2.2.2 Carbon Fibre Oxidation
The surface structure of carbon fibres, as with other carbon materials, is 
dependent on its thermal history. The more ordered surfaces of high 
temperature treated fibres (eg Type I) are more difficult to oxidise due to 
the lower concentration of edge sites and other defects. In general, 
studies of carbon fibre oxidation have concentrated on the formation of 
surface oxides, rather than effects caused by gasification.
The nature and quantity of the surface oxides produced by oxidative surface 
treatments have been probed by both chemical and spectroscopic means. An 
extensive study using XPS to investigate the electrochemical oxidation of 
Type II fibres as a function of applied voltage, electrolyte type, pH, 
concentration and experimental duration, has been carried out in Sherwood's 
group (Procter 1982a, 1982b and 1983; Kozlowski 1984, 1985, 1986 and Harvey 
et al 1987). They found that the level of oxygen on the fibres rose with 
increasing potential. A range of functional groups was produced on the 
surface with some sensitivity to the electrolyte. The main groups were 
hydroxyl/ether, carbonyl and carboxyl; the latter being preferred at high 
treatment levels. Much of the work was carried out at levels of surface 
oxidation which were much greater than used in commercial surface 
treatments. The total charge passed was not reported, so that the charge 
dependence of the level of oxidation could not be determined. Acid 
electrolytes generated higher levels of surface oxygen than alkaline when
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carried out under potentiostatic conditions for the same time, though any 
differences in current were not reported. The pH of the electrolyte also 
changed the mode of oxidation. Sodium hydroxide produced circular holes on 
the surface of the fibres and at longer treatment times small fibre 
fragments were observed in the solution. When nitric acid was used a very 
high level of oxygen could be achieved (50%), mainly as carbonyl. However 
the surface of the fibres showed extensive damage due to blistering. The
level of surface nitrogen was not affected by either nitric acid or
ammonium salt electrolytes, though it could be raised by saturating the 
ammonium salt electrolytes with ammonia.
Commercially treated fibres, thought to have been electro-chemically 
treated, also showed increasing levels of oxygen with treatment time, 
though it was not a linear dependence. Subsequent high temperature 
treatment ("detreatment") of these fibres produced a surface similar, by
XPS, to that of an untreated fibre and was stable to subsequent air
exposure.
XPS was used to study commercially treated and untreated Type I and Type II 
fibres (Ishitani 1981). Surface treatment raised the level of oxygen, and 
subsequent heating to 1000° C in vacuo the oxygen value of an
untreated surface. The Type II fibres had a higher level of nitrogen on 
the surface. Thirty minutes of argon etching removed the oxygen v^ile the 
amount of nitrogen did not change. However the binding energy of the 
nitrogen peak shifted to a lower value signifying that the surface nitrogen 
was in a higher oxidation state. This could be an artefact of the etching 
process, which can give rise to ion induced reduction (Kelly 1980). 
Hopfgarten (1978,1979) quoted levels of oxygen of between 30-50 atomic 
percent on commercial fibres. These are very high levels and could be 
result from the analysis of sized fibres, which would be expected to show 
high levels of oxygen due to the functionality in the resin. However the 
carbon (Is) peak shapes are not indicative of epoxy functionality, and the 
discrepancy may be due to incorrect sensitivity factors in the analysis.
Low concentrations of nitrogen, sodium, silicon and iron were also found. 
Ion etching of the surface to a depth of 50 nm removed the oxygen (normal 
applications of size of 1-2 weight% will produce a layer around 50 nm 
thick). Nitric acid treatment produced the highest oxygen level on fibres 
treated by Brewis et al (Brewis 1979) though improvements in conposite 
properties were minor.
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As well as straightforward surface analyses, there have been some attenç>ts 
to link XPS results with those from quantifiable derivatisation reactions. 
Fibres were analysed by XPS and these results correlated with the results 
from a radioactive tracer technique to calculate the level of acid groups 
(Deviney 1982). The number of carboxylic acid groups was calculated by 
Denison et al by a barium labelling technique, monitored by XPS (Denison 
1985). Their results have had limited success due to problems of 
incomplete reaction and the need for extensive assumptions in the 
subsequent calculations. The effect of surface treatment is interpreted 
almost entirely in terms of the carboxyl ic groups on the surface though on 
commercially treated fibres, low oxidation levels would make these a 
minority species.
2.2.3 Morphology, Adsorption and Surface Energy Changes on Oxidation
The adsorption of various gases and liquids on untreated and surface 
treated carbon fibres has been undertaken to give information about the 
surface area of the fibres and the reactivity of the surface and 
concentration of active sites. Work at the RAE (Harvey 1975, 1978) on 
Courtaulds Type II fibres showed that the BET surface areas were similar 
for treated and untreated fibres while the interlaminar shear strength 
(ILSS) of conçKDsites increased by a factor of three over those made from 
untreated fibres. The treatment usually increased the adsorption of a 
cathodic dye, methylene blue, which would be adsorbed on acidic sites. The 
treatment reduced the adsorption of methanil yellow, an anodic dye, in all 
cases. In some cases three-fold increases in ILSS were found with no 
change in the adsorption of methylene blue, and so the improvements in ILSS 
were tentatively linked to the change in surface chemistry which reduced 
the adsorption of methanil yellow. With the ex-Rayon fibres studied by 
Brookes et al (Brookes 1974), air oxidation increased the number of 
cationic sites over the untreated fibre, but that there were still more 
anodic sites than cathodic. Nitric acid treatment reversed this trend 
producing 10 times as many cathodic sites and reducing the anodic sites up 
to 1/3. This was taken as evidence for the formation of functional groups 
such as carboxyl and hydroxyl.
Other techniques have also been used to probe the effect of surface 
treatments. For exairple thermal desorption coupled with mass spectrometry 
has been used by Drzal (1977) to show differences between untreated and 
surface oxidised Type A fibres. After surface treatment, fibres desorbed 8
12
times more material than untreated fibres, in spite of a BET surface area 
only 10% greater. This may be a result of increasing the fibre surface 
energy leading to increased levels of adsorbed contamination. Both Dynes 
(Dynes 1974a) and Hammer (1980) have studied the surface energies of carbon 
fibres and have shown that they increase with surface treatment, the 
increase being related to the polar contribution. It was suggested by 
Dynes et al that the hydrophilicity of the interface could be detrimental 
to the durability of the composite under hot/Wet conditions (Dynes 1974b).
Good wetting is a prerequisite for adhesion, and although the direct 
experimental determination of the contact angle of carbon fibres with 
solvents is difficult due to their small diameter, a number of studies have 
been carried out. The epoxy systems have surface tensions in the range 35- 
45 mN/m, so for spontaneous wetting the fibres' surface energy should 
exceed 45 mN/m. Some of the early work is summarised by Scola (1974) as 
follows. A contact angle with water of 36° for an untreated fibre was 
quoted by Bobka and Lowell vhich was unaffected by treating the fibre for 
15 mins in O2 at 500°C. However epoxy resins were found to wet the surface 
much more readily after this treatment. A value of 46 mN/m has been quoted 
for the critical surface tension of a Thornel 50 fibre by Goan and Prosen (iSé^) 
though no indication was given as to the nature of any surface treatment or 
sizing. Chwiastiak quoted values for the surface tension of air/nitric 
acid oxidised Thornel 50 fibres of 20-30 inN/m and 50-56 mN/m for ozone 
treated fibres. However the value of = 0 for the contact angle with an 
untreated fibre is thought to be excessively low. More recent work carried 
out at ICI (Briggs 1989), on fibres thought to be from Hercules, indicated 
that the fibre wettability increased initially as the surface oxygen 
increased from 2 to 7 at%, but there was no further inprovement vhen the 
oxygen level was increased to 12 at%.
Indirect evidence from work at the RAE (Harvey 1979) suggests that wetting 
of the fibre by the resin may not be a critical factor in determining 
composite properties. Heat treatments of commercially oxidised fibres 
produced little change in the measured ILSS of composites manufactured from 
them, in spite of the removal of oxygen functionalities, as measured by dye 
and water sorption experiments. The calculated void concentration in the 
composites was also unchanged, which suggests that even the detreated 
fibres are wet adequately.
13
2.2.4 Interactions with Matrix Conponents
XPS has been used to determine the level of reaction between an acid 
oxidised fibre and a series of epoxies and amines by Waltersson (Waitersson 
1982, 1985a, 1985b). The fibre had presumably already been oxidised by the 
manufacturer and it is not known vhether the de-sizing procedure adopted by 
Waltersson would have been completely effective. The epoxy molecules were 
assumed to react to form ether and ester linkages with groups on the 
surface and monolayer coverages of around two thirds were calculated. By 
contrast, earlier work by Stuedz et al (Stuedz 1977) had determined that 
1.5% of the surface of carbon fibres was available for the formation of 
covalent bonds with epibromohydrin. With amines, reaction was proposed to 
take place through acid and alcohol functionalities, and a 70 - 80% 
coverage was calculated. Kozlowski et al (Kozlowski 1987) also showed that 
epoxies reacted with the surface of laboratory treated fibres.
Hydrogen bonds were suggested to be the main interaction between amine 
cured epoxy resins and nitric acid treated fibre surfaces (Horie 1976). 
Direct chemical bonds were promoted by high tenperature cures and an excess 
of epoxy. Covalent bonding to the surface was assessed by solvent 
extraction of the non cross-linked epoxy polymer with solvents of various 
interaction forces.
The effect of the fibre surface on the cure of epoxy resins (Carton 1986, 
1988a, and 1988b) was modelled in a series of experiments using carbon 
powders and chopped fibres. It was found that amines were preferentially 
adsorbed on the treated surface, leading to a region with different 
mechanical properties to the fully cured resin.
These experiments show that adsorption studies can be used to differentiate 
between active sites on the fibre surface and that direct chemical bonding 
can take place, to a greater or lesser extent, between oxidised carbon 
fibres and the active groups in epoxy resin systems.
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2.3 CORRELATION BETWEEN SURFACE TREATMENT AND COMPOSITE PROPERTIES
Commercial surface treatments have been optimised eirpirically to produce 
the best mechanical properties with epoxy systems. This is clearly shown 
by the work carried out at RAE in the early 1980's (Dunford 1981). 
Courtaulds carbon fibres were subjected to differing degrees of surface 
treatment and composite test specimens manufactured from them using 
Courtaulds 3501 resin. A summary of the test results for one set of fibres 
is shown in figure 2.3. The data has been normalised to the 100% (normal 
treatment level). Although most of the test results increase up to the 
100% level, some decrease with surface treatment. This shows that it is 
possible to "over-treat", leading to a reduction in mechanical performance. 
The most dramatic decrease is shown for the notched tensile strength test 
(NT). This test is very sensitive to the toughness of the system, and 
improving the strength of the interface will lead to a more brittle 
fracture. These trends were confirmed more recently in work carried out at 
Toray (Norita 1986). As with the RAE work, fibres were exposed to 
increasing levels of surface treatment, and the resulting composites 
subjected to a range of mechanical tests. The mechanical properties 
appeared to plateau, or even deteriorate, above the "standard" level of 
treatment.
2.3.1 Chemistry of Surface Treatment
The role of the oxidation process in the inprovement of the final composite 
properties is still uncertain in spite of the amount of work carried out. 
Attenpts to relate level of oxygen, surface area, surface roughness and 
functionality to the mechanical properties, have produced conflicting 
results. This may be due in part to:
a) Differences in fibre morphology/reactivity resulting from
i) different precursor fibres
ii) different final carbonisation temperatures of the fibres
b) Variation in surface treatment conditions (not commercial treatments)
c) Differences in composite specimen fabrication and testing.
The work reviewed in the following sections covers a wide range of fibres, 
resins and surface treatments. It is difficult to generalise the results as 
different adhesion mechanisms could be operating in the various systems.
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Figure 2.3 Compilation of composite properties as a function of 
surface treatment
Unidirectional
properties
IL Interlaminar shear strength 
F Flexural strength 
T Tensile strength 
TF Transverse flexural strength 
C Compressive strength
NT Notched tensile strength 
Im Impact strength
Multidirectional 
properties
c 1.0
0.2 I  ........ I iiiiiiierni
100 200
Level of surface treatment %
16
Chemical oxidation in nitric acid has been used extensively to modify fibre 
surfaces although there is no evidence that this is used for commercial 
fibres. Donnet et al (Bonnet 1977) showed that refluxing in nitric acid 
damaged the fibre surface, increasing the BET surface area by a factor of 
four. This study concluded that the increase in ILSS of the treated fibres 
was due to increased physical interactions or mechanical interlocking.
By contrast, conposites manufactured from nitric acid treated carbon fibres 
and phenolic resins by Fitzer and Geigl (Fitzer 1978) had ILSS values which 
could be directly related to the level of acid groups on the surface. They 
noted that the optimium level of treatment was different for Type I and 
Type II fibres. They attempted to determine the functional groups present 
on the surface of nitric acid treated fibres (Fitzer 1982), and to relate 
this to the interfacial strength. They succeeded in blocking the acidic 
sites on the fibres by reaction with diazomethane and reported a fall in 
interfacial strength. The diazome thane may of course have an effect other 
than blocking acid groups; for example it may cause steric hindrance to 
neighbouring carbonyl or phenol groups or modify other properties such as 
wettability. Type I fibres were shown to be less susceptible to the acid 
oxidation both in the level of oxygen incorporated and the increases in 
surface area found to occur with the Type II fibres (Fitzer 1980). The 
Type II fibre showed a maximum in ILSS with increasing oxidation, further 
reaction time resulting in fibre degradation. They were unable to explain 
the observation that the ILSS for the Type I fibres increased steadily with 
reaction time, exceeding that for the Type II fibres even though the oxygen 
levels were an order of magnitude lower.
Earlier, Herrick et al (Herrick 1968) showed a direct correlation between 
oxygen levels on nitric acid treated carbon fibres derived from cellulose 
and the ILSS values of composites made from them. It was reported that the 
ILSS values were reduced to their original level when the oxidised fibres 
were heat treated to 500°C in hydrogen, which removed the oxygen 
functionalities but did not change the surface area, suggesting that the 
improved mechanical properties were due primarily to chemical interactions.
Ehrburger and Donnet (Ehrburger 1980) showed the presence of acidic sites 
of differing strength after&short period*anodic oxidation in dilute nitric 
acid and sodium hydroxide. They reported a correlation between the 
increases in acid surface functionality (also the total oxygen level) and 
the ILSS values of the resulting conposites. The treatments resulted in no
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change in measured BET surface areas. The conposites with alkaline treated 
fibres failed in a tensile mode \diilst the untreated and acid treated 
conposites failed in shear. This is evidence for stronger interfacial 
bonding with the alkaline treated fibres. They also proposed that the 
different chemical conposition of the treated and untreated fibres could 
lead to an interphase of flexible matrix resin.
Physical changes in the surfaces of a series of fibres were probed by 
Shindo et al (1986) by the measurement of BET surface areas, active surface 
areas by adsorption of oxygen and surface roughness. They concluded that 
the improvements in ILSS (polyimide resin) with the treated fibres were due 
to the active surface area, ie chemical interactions.
Harvey et al (1987), also working on Type II fibres in an epoxy matrix, 
studied the effect of electrolytic treatment on ILSS performance, using a 
range of electrolytes. In general ILSS increased with the amount of charge 
passed, the electrode being at or just below the oxygen evolution potential 
for each electrolyte. Overall there appeared to be no dependence of ILSS 
on the measured amount of surface oxidation. However, when nitric acid was 
the electrolyte there was a sinple relationship, ILSS increasing with 
oxygen levels measured by XPS, up to a plateau limit. The results clearly 
indicate that interfacial adhesion is not simply a function of the degree 
of oxidation but is also dependent on the particular oxidation method.
Based on this and on the maintenance of ILSS after de treatment up to 
1000° C, Harvey concluded that the fibre surface morphology was inportant in 
improving the adhesion.
Goan and Prosen (Goan 1969) noted that adhesion fell with increasing 
modulus of the untreated carbon fibres and explained this by a decrease in 
surface area caused by increasing graphitisation. Of the surface 
treatments reviewed to overcome this difficulty, whiskering the fibres by 
chemical vapour deposition of silicon carbide was the most effective. 
Oxidation treatments resulted in a loss of tensile strength of the fibre, 
though were cheaper to carry out. It was shown that reactive finishes eg 
urethane, nylon and silanes did not affect the composite properties as 
determined by changes in ILSS.
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2.3.2 Effect of "Detreatment"
Several authors have attempted to determine the inportance of chemical 
interactions between the fibre and resin by performing "detreatments" on 
the fibres to remove the oxygen functionalities before incorporation into 
the conposite. Although the results of each experiment appear clear cut, 
the variety of different fibres, surface treatments and detreatment 
procedures makes it difficult to draw general conclusions. Some authors 
have reported no decreases in ILSS after heat treatments, whilst others 
have shown that ILSS falls. The effect appears to be dependent on fibre 
type, the initial fibre surface treatment, the detreatment temperature and 
the resin. This eirphasises the importance of consistency in any study 
undertaken.
McKee and Mimeault (McKee 1969) found no change in ILSS of composites 
manufactured from either Type I or Type II Modmor fibres (ex-PAN) heated in 
vacuo at 900°C after reflux in nitric acid. In the same review, Scola and 
Brooks reported that for nitric acid treated ex-rayon carbon fibres, heat 
treatment to 600°C under hydrogen caused an increase in surface area with 
no decrease in the shear strength of the composite manufactured from them. 
Whilst they found a correlation between the specific surface area of ex­
cellulose carbon fibres and short beam strength, they found none for ex­
acrylic fibres.
Donnet and Ehrburger (Bonnet 1977) showed that changes in composite 
properties from both Type I and II ex-PAN fibres, treated by anodic 
etching, were due only in part to acidic groups. Surface treatment 
increased the ILSS levels by =170%, with an increase in acid surface groups 
from 7 to 16 yueq/g. Pyrolysis at 950°C, removed all acid functionality, 
but the ILSS remained =140% of the untreated fibres. These results were 
confirmed by Drzal et al (Drzal 1982). An unspecified surface treatment 
increased interfacial shear strengths (IFSS) for both Type I and Type II 
fibres. High temperature detreatments to reduce the level of oxygen below 
that found on the untreated fibres, led to a slight reduction (= 10%) of 
the IFSS, figure 2.4. He reported no increase in BET surface area, and 
ascribed most of the inprovement in IFSS with the original surface 
treatment to the removal of a weak boundary layer around the fibres.
RAE results on Type II fibres showed that heating up to 1000° C in hydrogen 
or helium had little effect on the final ILSS, in spite of removing almost
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all the polar groups with a resulting fall in acidity of the surface by a 
factor of 5-8 (Harvey 1979). However heating the fibres to 1200 - 1400®C 
did result in a significant fall in ILSS. For chemical bonding to be the 
controlling factor in adhesion in this case, the groups responsible would 
have to be stable up to 1000®C and would be at low concentration. 
Alternatively, the oxidation treatment could produce a physical change in 
the underlying carbon structure which improved the bonding to the resin and 
which was damaged by the action of very high tenperatures. The effect on 
ILSS was also resin dependent, with the test resins showing different 
responses with similar fibres.
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Figure 2.4 Effect of "detreatment" on the IFSff'in a single fibre test
Fitzer et al (Fitzer 1986) supported their earlier work, which emphasised 
the importance of acidic functionalities in improving composite properties, 
by using heat treatments to deactivate their nitric acid oxidised fibres. 
They reported no change in the level of acid functionalities after heating 
up to 350°C, and no change in the measured ILSS. Carbon dioxide was 
released between 350 and 600®C and resulted in a sharp drop in the ILSS of 
the conposites from 70 MPa to 25 MPa. The snaller decrease in ILSS above 
600®C was explained by the loss of more stable oxides from the surface. 
Detreatment experiments were also carried out on commercially treated
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Torayca T300 Type II fibres. The untreated fibres gave conposites with a 
high ILSS (80 MPa) which was improved slightly after commercial surface 
treatment to 90 MPa. Heating the oxidised fibres to 600°C caused the ILSS 
to return to the untreated value of 80 MPa. Heat treatment of both 
untreated and surface treated fibres to over 1000°C resulted in composites 
with an ILSS of 30 MPa. At these tenperatures nitrogen, not present in the 
Type I fibres, is evolved and the authors concluded that it was loss of 
chemical interactions with the nitrogen functionalities that caused the 
reduction of fibre resin interaction. Alternatively the loss of nitrogen 
from the fibre could damage or wealten the outer layers of the fibre which 
could also produce lower ILSS values from the resulting composites.
Ishitani (Ishitani 1981) showed that Type I and Type II fibres had 
different oxidation properties. While both showed increases in ILSS with 
surface treatment, conposites made from detreated Type I fibres showed no 
decrease in mechanical properties. The ILSS values for the heat treated 
Type II fibres fell as oxygen was removed. This was explained by the 
composite properties of the Type II fibres being dominated by chemical 
adhesion while the Type I fibres experienced an irreversible morphological 
change which controlled the adhesion.
The mechanism proposed by Denison et al (Denison 1988) stressed the 
importance of micropores in the fibre. The surface treatment process 
removes material leading to pore widening and oxidation of the reactive 
edge sites. Resin molecules can then enter the pores leading to high 
energy interactions with the pore walls and functional groups. The slight 
fall in ILSS after fibres are heat treated can then be explained by the 
loss of chemical interactions with the oxygen functionalities.
2.4 SUMMARY
The results reported in the literature give contradictory views on the 
adhesion mechanism. The main problem in attempting to resolve the 
experimental observations is the wide range of conditions employed. These 
are often not fully described, and on occasion, not disclosed by the 
investigators. The role of chemical bonding across the interface appears 
to have an ill-defined role and depends on the type of fibre being studied. 
In particular much of the work has been carried out on fibres oxidised in 
the laboratory using techniques quite different from those employed
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commercially. The specific conclusions may not therefore be applicable to 
commercial systems.
Conclusions from the literature may be summarised as follows:
1. Commercial oxidative surface pretreatments produce inprovements in 
composite properties consistent with strong interfacial bonding, without 
large increases in surface area or gross surface roughness. Composite 
properties do not continue to inprove as the level of surface treatment is 
increased, and can be damaged by "over-treatment".
2. Chemical bonding occurs through acidic groups on the fibre surface and 
epoxy and amine groups in the resin.
3. The improvements in composite properties are retained in some cases 
after heat treatment to remove the oxygen functionalities. This suggests 
that direct chemical bonding is not the primary factor producing the 
improvements, or that a different mechanism operates after the thermal 
detreatment.
4. Improvements in composite properties are also dependent on the type of 
resin used as the matrix, and the "optimum" level of surface treatment will 
depend on the resin system used and the composite property in question.
The extreme oxidising conditions used in some studies dramatically increase 
the surface areas of the fibres (as determined by BET analysis), unlike the 
commercially treated fibres. It is therefore unlikely that any mechanism 
relying on improved macro-mechanical interlocking is applicable to 
commercial fibres. However the surface treatment may lead to the formation 
or widening of pores in the fibre surface.
Increased wettability can improve the strength of an adhesive bond both by 
increasing the area of intimate contact between substrate and adhesive and 
reducing the number of voids. The surface energy of the fibres increases 
after treatment, although this cannot be used to explain the retention of 
conposite performance after thermal detreatment where the polar surface 
groups are removed. The same argument can be used to eliminate the need 
for a large number of functional groups bonding across the interface as an 
essential factor in ILSS improvements, although this type of reaction may 
well occur.
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The experimental evidence suggests that the major effect of the oxidation 
treatment is to remove surface defects/Weak boundary layers. This would 
also explain the retention of ILSS values after fibre detreatment. The 
surface treatment may remove a mechanically weaker outer layer from the 
surface of the fibre so that the fibre surface in contact with the matrix 
is intrinsically strong. The addition of oxygen functional groups would 
then be of secondary inportance. It has been proposed by McKee and 
Mimeault (McKee 1969) that the inprovements in ILSS after treatment could 
be due more to the removal of surface defects, acting as stress raisers, 
than increased chemical interactions. Direct evidence of a weak boundary 
layer on the surface of untreated fibres has been reported by Drzal (1989), 
using transmission electron microscopy of ultra-microtomed single fibre 
adhesion test specimens.
The lack of all the necessary data relating to fibre production, level and 
type of surface treatment and the changes this has produced on the 
surfaces, in conjunction with mechanical data from high quality laminates, 
means that it is not possible to select a single adhesion mechanism to 
explain the reported results. A full surface characterisation programme on 
fibres produced under known conditions, combined with laminate properties 
from composites produced from exactly the same fibres should allow the 
adhesion mechanism (or mechanisms) to be identified.
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CHAPTER 3
3. SURFACE CHARACTERISATION OF SOLID SURFACES
The work reviewed in the preceding chapter has shown the necessity for a 
full characterisation of the fibre surface, if any general conclusions as 
to the adhesion mechanism between fibre and resin are to be made. The 
factors which have been identified as important in determining the level of 
interaction are the fibre surface area and morphology, surface energetics 
and functionality. These qualities have to be quantified as a function of 
the level of surface treatment in order to make valid correlations with the 
mechanical data from conposite testing.
Surface sensitive techniques are essential to study these materials as the 
region of interest is of the order of 10 nm from the outer surface. The 
relatively low surface area of the fibres (<lnf g-^) means that the 
sensitivity of any technique must be very high, unless large quantities of 
material are to be used. No technique currently available is able to 
provide all this information, so a range of techniques are necessary to 
build up a full picture of the fibre surface characteristics.
The following chapter outlines the methods which have been used to 
investigate the fibres, and the the information that they supply.
3.1 CHARACTERISATION OF FIBRE CHEMISTRY
The techniques outlined in this section provide information about the 
elemental conposition of the fibre surfaces, and the types of functional 
groups which are present. They provide information about the specific 
groups at the fibre surface and the fibre surface energies.
3.1.1 X-ray photoelectron spectroscopy (XPS)
XPS can provide both a elemental composition of the outermost 5-10 nm of 
the saitple and some indication of the chemical state of the elements on the 
surface. It can provide information about the conposition changes within 
its sampling depth. However, XPS has a limited depth and lateral 
resolution, and it is not possible to deduce the absolute thickness of the 
oxidised layer.
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The principles of XPS are as follows. The sançle is irradiated by a beam 
of near monochromatic X-rays. Interactions between the photons and the 
sample cause electrons to be ejected from the surface atoms. These 
electrons have a kinetic energy (KE,) related to the energy of the incident 
photon (hv) and the binding energy of the energy level from v^ich they 
originated (BE, ), as indicated by the following expression, and 
schematically in figure 3.1.
KEIg = hv — BEg —
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Figure 3.1 Electron transitions arising-from excitation 
and relaxation
The electrons leaving the sample are energy analysed to give a spectrum 
which consists of a series of peaks relating to the energy levels of the 
atoms in the surface. Electrons which suffer inelastic collisions before 
leaving the solid have a continuum of energies, and contribute to the 
background in the spectrum.
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3.1.1.1 Instrumentation
A X-ray photoelectron spectrometer operates in the following manner. The 
excitation beam (from the X-ray source) irradiates the saitple. The ejected 
electrons pass into the analyser where they are energy analysed. The 
electrons are counted at a detector and the spectrum recorded, figure 3.2.
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Figure 3.2 Schematic of an XPS spectrometer
Source
The source corrprises of a metal target held at high potential (typically 
10-15kV) onto which electrons are accelerated from a heated filament. This 
leads to the production of X-rays from the target, which have an energy 
determined by the target element. The most generally useful anode 
materials, in terms of X-ray line width and energy, are aluminium and 
magnesium. However other anode materials have been used for special 
applications, ie where higher energy core levels are examined which require 
more energetic exciting X-rays. The X-rays produced are transmitted
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through a thin foil window (normally aluminium) to reduce the flux of 
secondary electrons reaching the sample and to prevent contamination of the 
specimen. Monochromated sources are also available. These sources give 
rise to higher resolution spectra, but the intensity of the incident flux 
is reduced.
Vacuum
In order for the emitted electrons to give information about the sample, 
they must not suffer collisions before reaching the detector. The number 
of collisions the electrons experience once they have left the sample 
surface depends on the pressure - the lower the pressure the fewer 
collisions. In addition, at higher pressures the time taken for the 
surface of the sample to become contaminated by adsorption of residual gas 
components decreases. This can lead to inaccurate interpretations of the 
sample surface chemistry. A simple calculation using the kinetic theory of 
gases indicates the value of maintaining as high a vacuum as practically 
possible. It can be shown (Prutton 1975) that the rate of arrival of n 
molecules of molecular weight m at temperature T (K) on a square metre of 
surface at a pressure p (mbar) is given by
n = 4.22 X IQZG p (mT)"®*^ molecules m"^ s"^
Thus at 10"® mbar at ambient temperature (298 K), nitrogen will arrive at
the surface at the rate of around 4.6 x IQi* molecules per second ie a 
monolayer is built up in approximately 2 seconds (assuming a sticking 
coefficient of unity and a monolayer of IQi* atoins/m^). However at a 
pressure of 10"^° mbar the time required to produce a monolayer is
increased to approximately six hours. A  typical working pressure for the
analysis chamber of a general purpose instrument is between 5-10 x IQ-* 
mbar.
Analyser
The most widely used electron analyser (for XPS) is the concentric 
hemispherical analyser (CHA). It consists of two concentric metal surfaces 
separated by a constant distance. A positive potential is applied to the 
inner hemisphere and a negative potential to the outer. The entrance slit 
to the analyser ensures that the electrons enter the electrostatic field 
close to the mid-point between the hemispheres. The field between the two
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surfaces forces the electrons to follow a curved path. Electrons with a 
high kinetic energy will follow a path with a proportionally larger radius 
than those with a lower energy. Thus for any potential applied between the 
hemispheres only electrons with a certain energy will be transmitted 
through the exit slit. For any geometry the resolution of the analyser 
(AE/E) is fixed ie
AE/E= W/2Po + 0(2/4 
where W is the slit width
Bo is the radius of the median between the two hemispheres 
a is the entrance angle into the analyser
This results in poorer resolution as the electron energy increases. Thus 
if the voltage between the plates is scanned in order to analyse electrons 
of higher energy, the resolution will decrease. The voltage between the 
plates is therefore fixed at a value to give the required resolution and 
the electrons retarded or accelerated to this energy before entering the 
electrostatic field of the analyser. There are two methods in which the 
analyser may operate. In the CAE (constant analyser energy) or CAT/FAT 
(constant/fixed analyser transmission) mode, all the electrons are 
decelerated to a constant pass energy, resulting in a fixed absolute 
resolution throughout the entire spectrum. This facilitates 
quantification, but sensitivity is lost at the lower kinetic energies.
Under the conditions of the constant (or fixed) retard ratio (GBR, FBR), 
the electrons are retarded by a fixed ratio from their original energy.
This maintains a constant relative resolution (AE/E) leading to increased 
sensitivity at low electron energies, although quantification is more 
difficult. The number of electrons passing through the analyser is very 
small, and so an electron multiplier device is required to amplify the 
signal. This is operated in pulse counting mode, where amplification is 
produced by each photoelectron electron giving rise to an electron cascade. 
This leads to a gain of greater than 10®.
3.1.1.2 Spectral intrepretation
A typical survey spectrum of a carbon fibre sample is given in figure 3.3. 
There are a number of sharp peaks followed by a step in intensity to higher 
binding energy. The peaks are due to the photoelectrons from the atoms of 
different elements within the surface of the fibres and the background step 
results from those electrons which suffered inelastic collisions prior to
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being detected (therefore losing their characteristic energy). The photo­
peaks are labelled with reference to the energy level from which they 
originated. All the non s levels are split into doublets due to the spin- 
orbit coupling of the angular momentum vectors. The area intensities of 
the two peaks are fixed for a given orbital, for the P1/2/P3/2 at 1:2 and 
the d3/2/ds/2 at 2:3. However the degeneracy is only observed if the 
splitting is greater than the energy resolution of the system (usually 
around 1 eV).
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Figure 3.3 Typical survey spectrum of surface oxidised carbon fibres
Auger
In addition to the photoelectron peaks, Auger peaks are also present.
These are the result of a relaxation process after an atom has lost an 
electron. A second electron fills the original core hole losing an amount 
of energy . This can either be lost as a photon (Ek=hv), fluorescence, 
or excite a further electron, the Auger electron, as shown in figure 3.1. 
The energy of this electron will therefore be independent of the energy of 
the original photon, a function only of the differences in electron 
energies within the atom. This is indicated by the following expression,
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where is the kinetic energy of the Auger electron, and A, B and C are 
the energy levels of the photo-ionised level, the level of the second 
electron and the level of the Auger electron.
Ej4 * E a - E b - E c - $
Auger spectroscopy is a technique in its own right, and like XPS can 
provide elemental information about the sanple surface. Its main advantage 
over XPS is that the Auger electrons can be excited by an electron beam so 
that spatial resolution can be inproved, and the surface can be imaged. 
However Auger is normally restricted to conducting sanples.
Structure due to the source
The output from a conventional, non monochromated, Al X-ray source consists 
of a number of discrete peaks resulting in transitions other than Kai, 2 •
In addition, and with much lower intensity are the lines corresponding to 
less probable transitions ie from the valence electrons to give Kg lines. 
These are known as the X-ray satellites and will all excite photo-electrons 
from the sample, giving rise to spurious low intensity peaks.
In addition to the X-ray satellites, peaks may appear in the spectrum as a 
result of X-ray ghosts. These arise from impurities in the target material 
ie Mg in Al or Cu breakthrough from the anode base.
Line shapes
Photoelectron peaks can exhibit conplex structures. These shapes are 
determined by a convolution of the X-ray energy distribution, the inherent 
width of the core transition and the spectrometer energy resolution 
function in addition to differences in the chemical state of the element. 
Sample charging, caused by electrical isolation of conducting samples or an 
insulating sample, may also give rise to broadening of the peak.
The natural line width of the core level arises from the uncertainty in the 
lifetime of the ion core hole state produced by the emission. The 
narrowest peaks therefore arise from those transitions which have the 
longest lifetimes.
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The position of any photoelectron peak is determined by the binding energy 
of the atom from which it originates and the energy of the exciting photon. 
However the chemical environment of the atom will perturb the core energy 
levels giving rise to chemical information. Structure in a peak is 
therefore sometimes indicative of the presence of more than one chemical 
state within the sampling depth. This energy shift caused by the chemical 
environment was labelled the "chemical shift". Simplistically the effect 
can be described by the differences in chemical screening of the core 
electrons by the valence electrons on the atom of interest when bonded to 
different elements. The application of curve fitting routines to these 
peaks then allows the proportion of each type of chemical environment to be 
quantified. This concept is demonstrated in figure 3.4 with the aluminium 
2p peak. This is in fact a doublet, but the P1/ 2 -P3/2 peaks cannot be 
resolved. Since the native oxide on aluminium is of the order of 2nm in 
thickness, photoelectrons from the underlying metal are also detected.
This gives rise to two peaks in the spectrum due to aluminium metal (Al° ) 
and the native oxide (Al^+).
Experimental spectrum
Al oxide
Al metal
Synthesised fit
78 76 74 72 70
Line E M .  Energy Int. FWHM Area
@A!jgSAl 7i.^ 42.%
GAUSS A13+ 74.40 100.00 2.30 73.41
Binding Energy
Figure 3.4 Al(2p) peak showing contribution from underlying 
metal and native oxide
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The analyser contribution broadens the recorded peaks. As the pass energy 
in CAE mode is reduced the line width of the peaks will tend to decrease 
(assuming its natural width is less than that already achieved). The 
following data (VG Scientific) are produced from the VG analyser used with 
magnesium radiation (natural line width = 0.8eV) for the silver 3ds/2 peak. 
The largest contribution is due to the natural line width for the Mg Ka 
line for pass energies less than 50 eV.
Analyser energy (E eV) Line width at half height (eV)
5 0.88
10 0.95
20 1.15
50 2.00
XPS relies on the ejection of electrons from the sairple surface. Where the 
sample is not earthed, or is itself insulating, this can lead to the 
surface becoming charged. Sample charging increases the apparent binding 
energy of the atoms' energy levels so that the peaks will shift to higher 
binding energies. It is also usually accompanied by peak broadening, as 
there are slight differences in the amount of charge built up on the 
surface. Charging is usually less of a problem with non monochromated 
sources as some charge neutralisation occurs from low energy electrons 
originating from the aluminium window. The sample charging can be reduced 
by the use of a low energy electron flood.
Other spectral features
There are other processes which can also lead to further peaks associated 
with the major photoelectron peak. As the electrons travel though the 
sample it is possible that they excite one of the collective electron 
oscillations - plasmons. This results in the loss of a fixed amount of 
energy, and a less intense peak to lower kinetic energy than the photopeak.
The absorption of the X-ray photon normally results in the ejection of a 
single photoelectron, followed by relaxation of the atom. However in some 
cases it is possible that a valence electron is simultaneously excited to a 
higher energy level. The kinetic energy of the photo-electron is therefore 
reduced by this amount, leading to a recorded photo-peak to higher binding 
energy (a shake-up peak). This effect is often observed with aromatic 
materials with a n -> n* transition.
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Inelastic scattering and sampling depth
Although the X-rays penetrate the sample to a significant depth (around 
1/um) the probability that electrons deeper in the sairple will escape the 
surface without suffering an inelastic collision decreases exponentially 
(to a first approximation), and this gives the technique its surface 
sensitivity. The inelastic mean free path (IMFP), X, of an electron will 
depend on its energy and the matrix through \diich it is travelling. The 
IMFP of electrons from a large number of elements and conpounds have been 
evaluated with respect to the electron energy, and appear to lie on a 
universal curve, although the scatter is large (Seah 1979). For the range 
of energies produced in XPS the IMFP appears to be proportional to the 
square root of the electron energy ie
X a (KE)1/2
In practice this means that the sampling depth for electrons emitted from 
different energy levels from the same element will differ, lower energy 
electrons (those from deeper energy levels) being more surface sensitive. 
This can be used to give extra information about the distribution of the 
elements within the surface layers.
In addition, since the analysis depth is related to the distance that the 
photo-electrons travel through the solid before reaching the surface, it is 
possible to increase the surface sensitivity of the technique by rotation 
of the sample with respect to the analyser (figure 3.5). The analysis
3A
e- photo-electron
hv incident X-ray
X inelastic mean 
free path
Figure 3.5 Surface sensitivity enhancement by sample rotation
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depth is related to the mean free path of the electrons in the solid, so 
that approximately 95% of the signal derives from the outermost 3X of the 
surface. The vertical depth is given by
d = 3 X sin a
so as the saitple is rotated and a decreases from 90®, the analysis depth
into the sanple will decrease. Thus for an electron with X of 1 nm, the
analysis depth will be 3 nm at 90°, and only 0.5 nm at 10° .
3.1.1.3 Quantification
The intensity of a photoline from an atom a in a homogeneous saitple can be 
written directly in terms dependent on the saitple and the spectrometer ie
la = ( CT N. Xa 4> ) ( Jo D T )
sample instrument
dependent dependent
where
a is the probability that a photon of energy hv will interact and eject an 
electron from a given atomic energy level, the photoionisation cross- 
section
Na is the concentration of that particular element
Xa is the mean free path of the electron through the solid matrix
<|> is the angular dependence of emission from the energy level in question
Jo is the X-ray flux at that point in the sample
D is the detection efficiency of an electron of energy E*, and
T is the analyser transmission.
The aim of quantification is to relate the measurable quantity, the 
intensity I, to the concentration of the element in the sample. In 
practice it is the relative concentrations of atoms that are calculated 
rather than the absolute amounts. The simplest case of a homogeneous
binary solid AB was used by Wagner et al (1981) to produce a set of
empirical atomic sensitivity factors. In this analysis all the terms other 
than the concentration of atoms are collected in the atomic sensitivity 
factor S so that
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Na - lA^A 
Nb Ib/Sb
S contains terms relating both to the saitple and to the instrument 
configuration, and was not evaluated, but expressed relative to that for 
the signal from the fluorine (Is) level set to unity. Thus analysis of a 
series of stoichiometric fluorides resulted in the atomic sensitivity 
factors for the elements.
Wagner's sensitivity factors contain terms relating to the particular 
instruments that were used to record the spectra. Their applicability to 
other instruments will depend on Whether the electron analyser, 
transmission and detection systems are similar.
Measurement of peak intensity
There are two measures of peak intensity - peak height and peak area. Both 
require the previous subtraction of an appropriate background. Peak area 
measurements are usually more accurate, as changes in peak shape caused by 
differences of chemical state of an element can change the peak width, 
while the total peak area remains constant.
A XPS spectrum consists of a number of peaks due to the primary 
photoelectron event and relaxation processes such as Auger transitions, on 
a background which rises to lower electron kinetic energy caused by 
inelastically scattered electrons. In order to have accurate 
quantification, this background contribution must be removed before height 
or area measurement. The shape of this background will affect the measured 
intensity of the photopeak. There are two methods for background 
subtraction which are demonstrated in figure 3.6 for the iron (2p) doublet. 
The simplec. method is to draw a straight line between two points on either 
side of the peak. This method can lead to large errors in quantification, 
as it tends to underestimate the background contribution at higher binding 
energy. A more complex method was developed by Shirley (1972). This 
determines the position of the background at any point by an iterative 
process, where the background is proportional to the height of the peak 
above it and the integral to higher binding energy. This assumes that each 
electron is associated with a step background to higher binding energy. It 
is an empirical method, but is single to apply.
39
a) Linear background subtraction
Binding Energy (eV)
b) Shirley background subtraction
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Figure 3.6 Effect of different background removal 
a) linear and b) Shirley
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3.1.1.4 Experimental detail
XPS spectra were obtained using a VG ESCALAB Mark I spectrometer at the BP 
Research Centne, Sunbury (figure 3.7). Data were acquired at pressures 
<1x10-9 mbar. The instrument is fitted with a dual aluminiunylnagnesium 
X-ray anode. Spectra were recorded using unmonochromatised Al Ka radiation 
(1486.6 eV) with the anode operating at 290 W (14.5 kv, 20 itiA). The 
spectrometer was operated in the constant analyser energy (CAE) mode, with 
a pass energy of 50 or 100 eV.
1 cm lengths of tow were cut with a scalpel and were placed on a small 
nickel plate attached to the standard VG stub by adhesive copper tape. The 
fibres were held in place by copper wire and arranged so that none of the 
nickel substrate was visible. This arrangement maintained electrical 
contact between the fibres (themselves conducting) and the sample stub, so 
that charging was minimised.
Spectra were collected using VG software. The data was then converted into 
a file structure compatible with a Kratos DS800 datasystem for analysis and 
quantification.
Survey scans (1200 - 0 eV binding energy) were recorded from all samples to 
determine the elements present on the surface and their approximate peak 
positions. These scans were carried out using 100 eV pass energy and a 1.0 
eV step size with each point being collected for one second. Following 
element identification, narrow scans of higher resolution were run, to 
enable more accurate peak area measurement for quantification. This also 
provided spectra of sufficient quality to show the detailed peak shape so 
that chemical shift information could be determined. The narrow scans were 
carried out at 50 eV with a 0.1 or 0.2 eV step size (1 second per point) 
over a region surrounding the photopeak of around 20 eV. Spectra were 
acquired until a sufficient level of signal to noise was obtained. 
Experiments typically lasted 90 minutes. No significant X-ray degradation 
occurred in this time period, as determined by comparison of survey spectra 
taken before and after the analysis.
Quantification and spectral interpretation
The Shirley background was used for background subtraction before the 
determination of peak areas which were used to quantify the data. Peak
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îFigure 3.7 XPS/SIMS instrument at the BP Research Centre, Sunbury
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areas were converted to atomic percentages by the application of Wagner's 
empirical sensitivity factors (Wagner 1981). Although these factors were 
calculated from data which was acquired on a different instrument, the use 
of these figures gave internally consistent results. The quantified data 
is presented in a ratio form to carbon (=1). This is to remove the effect 
of minority components which will alter the normalised atomic 
concentrations.
The peak positions of all the major peaks were recorded to determine any 
systematic changes with surface treatment. Peak synthesis was carried out 
on the carbon region, but the oxygen peak showed no clear structure. When 
carbon is bonded to a more electronegative element such as oxygen, the 
electronic configuration of the atom is perturbed, causing a shift of the 
core electrons to higher binding energy. This shift is monitored to give 
information about the chemical state of the carbon atom. These shifts are 
well established from studies of polymers and model compounds. For example 
each type of carbon-oxygen functional group has a characteristic shift with 
respect to carbon in a hydrocarbon environment (Clark 1976). Carbon singly 
bonded to oxygen (C-0) appear at = +1.6 eV, carbon doubly bonded to oxygen 
(C=0) at = +3.0 eV and carboxyl at = +4.2 eV. Shifts between functional 
group types are of the same order as the peak widths and more than one 
functional group type will frequently occur together. As a result spectra 
are often broad, requiring peak fitting techniques to resolve the 
individual components. As an example, the C(ls) spectrum of polyethylene 
terephthalate (PET) is shown in figure 3.8. There is evidence for three 
contributing components to the C(1S) envelope, indicated by the arrows. In
c-o C-H/C-C
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Figure 3.8 C(ls) spectrum of PET
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the repeat unit of PET, shown below, carbon exists in three different 
chemical environments. Hydrocarbon (6 atoms), ester/carbonyl (2 atoms) and 
singly bonded carbon (2 atoms). In addition to the shifts caused by 
differing chemical environment there is also a small "shake-up" peak at
o
'/
O  C H ^  C
II
O
-'a
around +7 ev from the main C-H peak, resulting from energy losses caused by 
transitions in the aromatic ring. The PET spectrum can be fitted 
using components with chemical shifts as listed above. The ester component 
is shifted less from the main C-H peak than the carboxylic function. The 
synthesised and experimental spectra are shown in figure 3.9. Using 
components of an empirically derived symmetric combination of three
Line E M . Energy Int. FWHM Area
6T6 C-H 284.92 95.00 2.00 64.07
GT6 C-0 286.49 27.00 1.90 17.27
GT6 COOR 288.90 26.25 1,90 16.79
GT6 SHKUP 292.00 2.50 2.25 1.83
290 285
Binding Energy
Figure 3,9 Peak synthesis of carbon spectrum of PET
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Gaussian peaks (profile GT6 ) an acceptable fit was obtained giving the 
amounts of each type of carbon as 64.1, 17.3 and 16.8% respectively 
(theoretical values 60, 20, 20%). The width of the oxide peaks was 
determined by the actual width of the ester conponent. The width of the 
main C-H peak was increased in order to fit the low binding energy side of 
the envelope. The oxygen concentration determined directly from the oxygen 
peak is 0/C = 0.38 (for PET with no overlying carbon contamination a value 
of 0.4 would be expected). The amount of oxygen can also be calculated 
from the peak synthesis of the carbon peak. This atom balance gives an 
oxygen to carbon ratio of (0/C) = 0.33 indicating an overestimation of the 
hydrocarbon type carbon in the model.
Peak synthesis methods can be applied to determine the functional groups 
types on samples of unknown coirposition. This is a modelling procedure 
which does not give a unique solution. Using the chemical shifts from 
model compounds and polymers to define contributing components, and 
applying constraints to the range and independence of component positions 
and half widths in the computer fitting routine, an appropriate fit to the 
total C(ls) envelope is obtained. By compromising between a high level of 
freedom for the individual component parameters which gives a good level of 
fit ((Chi)2 parameter), and the restricted freedom based on assumed 
chemistry, which sometimes results in a poorer fit, the peak synthesis 
routine can produce chemically realistic solutions. These are particularly 
useful vben studying trends in a series of surfaces. Typical constraining 
parameters in peak synthesis are that relative peak positions of oxygen 
containing organics are only allowed to vary by +0.1 eV and all the oxide 
peak widths are fixed to a constant value. Symmetric profiles (Gaussian, 
GT6 , etc) are used unless there is clear evidence of peak asymmetry (eg 
metals and other conductors).
In the case of carbons with significant electron delocalisation, the peak 
shape for carbon bonded to itself or hydrogen (C-C/C-H) is skewed to higher 
binding energy. This asymmetry is the result of energy loss processes. 
Photoemitted electrons can interact with the valence band, exciting 
transitions into the conduction band causing energy losses which result in 
an asymmetric peak and the tailing to -7 eV higher binding energy. Figure 
3.10a and b show the difference in peak shape for carbon in polyethylene 
and graphite. Studies by Cheung (1984) have shown that the asymmetry of 
the line shape of carbon in poly-nuclear aromatic ring structures, in the 
absence of oxidation, is related to the area over which the n electrons are
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Figure 3.10 Differences in C(ls) peak shape from
a) polyethylene and b) graphite
delocalised, and is independent of the inter layer spacing. The carbon line 
shape for the fibres studied cannot be predicted as the detailed morphology 
is not known, so an empirical line shape is required. In this study the 
experimental line shape of an untreated carbon fibre was used for the C-C/ 
C-H carbon component to accommodate the asymmetry of the C-H peak. The 
width and the degree of skew of this peak is a function not only of the
degree of graphitic character but is also affected by the amount of
residual oxygen and nitrogen on the untreated fibres.
Following the general method outlined for the PET example, Gaussian line-
shapes were used to model the oxide contributions at separations of 1.6 eV 
(C-0), 3.0 eV (C=0) and 4.2 eV (COOH) from the main ’’graphitic" peak by 
analogy with conventional organic conpounds, supported by extensive peak 
synthesis of carbon fibres (Type 2) carried out by Procter et al (1982).
No variation of peak position was allowed and the width of all the oxide
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peaks were fixed so that comparisons between different fibres could be 
made.
An example of the application of the model is given in figure 3.11, This 
shows the experimental C(ls) lineshape of a treated fibre and the 
superposition of the C(ls) lineshape of an untreated fibre. There is 
significant intensity above the line obtained from the untreated surface to 
higher binding energy - the contribution due to the oxidised species. The 
position of the main peak was varied to fit the low binding energy side of 
the profile, prior to positioning the oxide peaks. The intensities of 
these peaks were then varied to improve the measured fit. The area under 
each component peak is proportional to the amount of each type of 
functionality present on the surface.
treated fibre lineshape
untreated fibre lineshape
r
carbon-oxygen
functionality
290 285
Binding energy
Figure 3.11 Peak synthesis of C(ls) of surface treated carbon fibre
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3.1.1.5 Summary
XPS provides an elemental quantification of the conç>ositions of the fibre 
surface and how this varies with surface treatment. Peak positions and 
peak synthesis techniques provide an indication of the chemical state of 
the surface atoms, and the amount of each type. The signal is recorded 
from a large area of the sample (of the order of 500 fibres), so that the 
analysis obtained is an average.
3.1.2 Ion scattering spectroscopy (ISS)
The advantage of ISS over XPS is its extreme surface sensitivity, although 
only elemental information about the surface is obtained, Gardella 1990.
In ISS the sample surface is bombarded with a low energy (1-2 keV) mono- 
energetic beam of noble gas ions in UHV. A small proportion of these 
primary ions are elastically scattered from the surface, and these are 
collected and energy analysed in a similar manner to the photo-electrons in 
XPS. Ions scattered from below the first atomic layer have a 
neutralisation probability of unity, so that all ions detected originate 
from collisions with the first atomic layer. The elastic interaction is 
accurately modelled by a simple binary collision using classical mechanics, 
which for conservation of energy and momentum gives
E =  Mif  (cos 0 + (My - sin?0)1/2 )2
Eo (Ni+Mz )2 Ml
where E is the scattered ion energy (measured), E© the primary ion energy. 
Ml and Mg are the masses of the scattered ion and scattering atom 
respectively and 0 is the scattering angle. ISS spectra are normally 
plotted as ion intensity versus E /E q . For any given primary ion E/Eq 
values of peak position are easily converted into mass values for elemental 
identification of the topmost layer of the sample. All elements except 
hydrogen can be detected. This means that for samples which are 
contaminated by hydrocarbon type material, where most of the scattering is 
from the hydrogen atoms surrounding the carbon back-bone, no signal will be 
recorded.
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3.1.3 Secondary ion mass spectroscopy SIMS
SIMS is a UHV surface mass spectroscopic technique. It therefore 
conplements the data obtained by XPS, providing molecular structural 
information about the surface being analysed. A SIMS experiment consists 
of bombarding the sairple surface with an ion or atom beam and analysing the 
ion species that are ejected form the surface with a mass spectrometer 
(figure 3.12). The majority of ejected particles are neutral (=99%) but 
some are charged (positively and negatively). Those charged species 
entering the mass spectrometer are then detected and a mass spectrum 
recorded.
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Figure 3.12 Schematic of the SIMS process
There are two main ways of utilising the SIMS technique which differ in the 
amount of damage that the saitple suffers as a result of the experiment. In 
static SIMS the total incident ion dose on the sample is kept below 10^^ 
ions cmr2. This should result in the minimal disruption of the sample 
surface so that the secondary ions are characteristic of the original 
surface. This mode is most often used for the analysis of thin polymer
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films and other organic systems (Briggs 1989). This kind of analysis has 
been used to differentiate between structurally similar polymers such as 
acrylic co-polymers, vhich show differences in the "finger-print” spectra, 
Briggs 1984. Figure 3.13 a and b show positive ion spectra from a surface 
oxidised carbon fibre and a fibre which has been "sized" with an epoxy 
based formulation. There are many co-incident peaks, but the very strong 
peaks at charge to mass ratios of 31 and 45 from the sized fibre are not 
present on the spectrum from the surface treated fibre. These fragments 
are assigned to CHgCy and C2H5 0  ^ arising from fragmentation of the epoxy 
molecule.
The other mode of SIMS, dynamic SIMS, harnesses the destructive capability 
of the ion beam to produce a depth profile of the sairple. Much higher ion 
densities are required and the beam is rastered over a given area. Under 
favourable conditions it is also possible to image the sample surface using 
mass fragments, although is is not yet possible to correct the image for 
topogmphiial effects.
Most SIMS instruments are fitted with quadrupole mass spectrometers, with 
limited mass resolution and a maximum mass of around 700 amu (atomic mass 
units). The development of time of flight (ToF) SIMS has greatly increased 
the sensitivity of the technique and enables the detection of very high 
mass ions.
The instrument used at the BP Research Centre is a VG SIMSLAB. This 
instrument is fitted with three ion guns, an AG61 used with argon (Ar° or 
Ar+ ), a duoplasmatron used with an oxygen ion beam (O2+ ) and a liquid metal 
ion gun (LMIG) using gallium (Ga+ ). Secondary ion detection is carried out 
with a quadrupole mass spectrometer.
3.1.4 Rutherford backscattering spectroscopy (BBS)
Like ISS this is also an ion beam technique in which the scattered primary 
beam is energy analysed. However unlike ISS the energy of the incident 
beam of ions is orders of magnitude greater (typically 2MeV). The ions 
penetrate the sample to depths up to one j m  allowing the thickness and 
composition of thin layers to be calculated. This technique has been used 
extensively in the study of layered electronic materials.
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Figure 3.13 Static positive ion SIMS spectra from
a) sized fibres, b) unsized carbon fibres
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The principle of the experiment is as follows. A monoenergetic beam of 
helium ions is focussed onto the sample. Ions are scattered from different 
depths in the sample, the energy loss being related to the mass of the atom 
with which the collision took place. It is therefore possible, providing a 
number of sample dependent constants are known, to generate a compositional 
depth profile of the sample. A stylised BBS spectrum of a silicon oxide 
film on a carbon substrate is shown in figure 3.14. The position (channel 
number) of each peak corresponds to the energy lost by the incident ion 
beam (and therefore the mass of the atom with which it collided). The 
finite width of the peaks indicates that the silicon and oxygen are 
constrained within a surface layer, rather than distributed through the 
bulk of the sample.
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Figure 3.14 BBS spectrum from oxidised silicon
BBS analysis was carried out at the University of Surrey, using the 
spectrometer in the Department of Electronic and Electrical Engineering.
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3.1.5 Wetting phenomena and surface energetics
The use of contact angle measurement for the determination of surface 
energies of polymers is the subject of a vast literature (Wu 1982). The 
angle that a liquid drop makes with a surface, the contact angle, depends 
on the chemical and physical state of the surface. The measurement of the 
contact angle will therefore give information about the state of the 
surface under investigation. Experimental evidence has recently been 
reported (Whitesides 1990) that supports the earlier theoretical results, 
Zisman (1964), that the interaction depth of a liquid on a solid surface 
extends little further than than the outermost monolayer (=0.5 nm), and 
that contact angle measurements are therefore extremely surface sensitive, 
although like XPS they have poor lateral resolution.
3.1.5.1 Thermodynamic considerations
The surface tension of a material arises from the presence of the 
discontinuity at the interface. In thermodynamics the surface tension (y) 
is defined as the reversible work required to create a unit surface area ie
y= (AG/AA)x ,p ,n
where G is the Gibbs free energy of the total system,
A  the interfacial area
T the temperature
p the pressure
n the total number of moles of matter in the system.
The surface energy of a material is not strictly the same quantity as the 
surface tension, but they have become synonymous in the literature (Adamson 
1976).
The surface tension of a material is linked to measufla^ble surface 
properties through Young's equation, which relates to the equilibrium 
position at a three phase boundary between the solid s, the liquid, 1 and
its vapour, v (figure 3.15). The Young equation relates the equilibrium
contact angle (0) at this point to the surface tensions as follows
Ysv = Ysl + Yiv COS 0
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Figure 3.15 Three phase boundary of a liquid drop on a solid surface
The term Ysv represents the free energy of the solid in equilibrium with 
the liquid vapour and is not necessarily equal to the free energy in vacuo 
( Ys ). The spreading pressure n gives a measure of the magnitude of this 
effect ie
= Ys~ Ysv
The spreading pressure is therefore the decrease of the surface tension 
caused by the adsorption of the liquid vapour. It is common practice to 
assume that the spreading pressure is negligible, although this may not be 
a valid assumption for heterogeneous materials (Huttinger 1989).
Contact Angle Hysteresis
The Young equation only applies to conditions where the system is at 
equilibrium. The measured contact angle will therefore rarely, if ever, be 
equal to the Young angle, which relates to the lowest energy state of the 
system. The reason for this experimental variation is that real surfaces 
are neither homogeneous nor smooth. This results in a number of possible 
metastable states for the liquid drop and therefore a number of different
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contact angles. lîiis is most obvious \^en ccmparing the advancing (liquid 
moving out over the surface) and the receding angle (solid/liquid boundary 
retreating) of a liquid with the solid surface. The difference can be 
caused by two factors - surface roughness a n d  chemical heterogeneity. With 
a rough, but chemically homogeneous, surface the actual microscopic 
advancing and receding contact angles could be similar, but the measured 
angle will depend on the angle of the liquid to the macroscopic plane of 
the the surface (figure 3.16). With a smooth but chemically heterogeneous 
surface, the liquid front will tend to "stick" at the edges of the 
differing regions. The advancing liquid front will be pinned at the high 
energy regions, so that the advancing angle will be higher than the 
receding angle on the same surface. In practice, with most samples both 
effects are present. Although the presence of this hysteresis complicates 
the interpretation of the contact angle data in terms of the thermodynamic 
quantities, it provides valuable information about the homogeneity of the 
surface being investigated.
receding
advancing
Figure 3.16 Contact angle hysteresis - rough surfaces
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3.1.5.2 Origin of surface energy and wetting phenomena
When a drop of liquid is placed on a smooth flat surface the liquid can 
either spontaneously spread over the surface (contact angle 0®) or remain 
in a drop (contact angle between 0-180°). The final equilibrium (lowest 
energy state) shape of the drop will depend on the balance of opposing 
forces arising from the liquid-solid interactions (encouraging spreading) 
and liquid-liquid interactions (opposing spreading), as is demonstrated by 
the force balance depicted in figure 3.15.
Whether any liquid will wet a solid surface will depend on three factors. 
The surface tension of the solid, the surface tension of the liquid and the 
strength of possible interactions between the two materials. These 
intermolecular interactions are the result of a number of different forces. 
The most common attractive forces are the van der Waals forces. They have 
been divided into two major groups, depending on the type of interaction, 
ie dispersion and polar forces.
Dispersion forces (London forces) arise from the instantaneous attractions 
caused by electron motion and are present in all materials. Polar forces 
arise from dipole interactions (Keesom forces, dipole-dipole interactions, 
and Debye forces, dipole-induced dipole interactions). In addition to the 
van der Waals forces, electrostatic forces are important in ionic 
materials, (Coulomb forces). When the two materials possess donor and 
acceptor sites, these interactions (also described as acid-base) are 
important, eg hydrogen bonding.
Fowkes first proposed that the free energy of a material could be 
determined by the sum of contributions from the various intermolecular 
interactions. This complex summation of seven terms is generally 
simplified to two terms, the dispersive and polar contributions ie
Y = Y® + yP
Fowkes proposed that the surface energy between two materials 1 and 2 due 
to dispersion forces could be approximated by the geometric mean of their 
dispersion components ie
Yi2 = Yi + Y2 - 2(yi Y^2*^
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This concept was then applied to the non-dispersion forces by Kaelble to 
derive the more generalised expression :
Y12 Yi + Y2 - 2(yi®Y2®)^^^ - 2(yi^Y2^)^^‘
This can be combined with Youngs equation to eliminate the interfacial free 
energy Y12 to give;-
1 + cos 0 = 2( Yi  ^Y2  ^ + 2( Yi^ Y2^
Y2 Y2
The surface tension, yiv/ (=Y2 ) arid polar and dispersive components have 
been determined for many liquids and so this expression allows the polar 
and dispersive components to be determined for unknown materials, (yi)*
The the application of a geometric mean approximation to the non-dispersion 
forces has been criticised, as these interactions are not universal to all 
materials. Fowkes has shown (1983) that for solids the dipole interactions 
will be negligible, and only dispersive interactions and donor/acceptor 
interactions (if possible) will be important.
3.1.5.3 Contact angle measurement.
Conventional contact angle measurements (Brewis 1985) are performed on flat 
surfaces, where it is relatively easy to determine the angle between the 
liquid or bubble and the plane of the solid surface. With fibres it is 
more difficult to obtain accurate contact angle values due to the curvature 
of the surface (Carroll 1976). With very small diameter fibres (<10/vm) it 
is not possible to determine the contact angle directly with any accuracy. 
This makes the tensiometric or Wilhelmy plate technique more appropriate.
The Wilhelmy plate technique
This method measures the change in the apparent weight of the sample due to 
the wetting forces when immersed into the liquid. The measured force is 
related to the contact angle as shown:
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F » (ST X P X COS 0 ) -  ( p x g x A x d )  
where F force on saitple
ST surface tension of liquid
F saitple perimeter
cos 0 cosine of contact angle 
p density of liquid
g gravitational constant
A  cross-sectional area of sample
d depth of immersion
The first product on the right hand side of the expression relates to the
weight of liquid supported by the fibre. The second product is the 
buoyancy correction, caused by the weight of displaced liquid.
Typical traces for glass cover slips in water are shown in figure 3.17.
The decrease in the recorded force with increasing depth is a result of 
increasing buoyancy. The advancing contact angle is calculated from the 
recorded force as the fibre or plate enters the liquid (lower trace), and 
the receding angle from the force measured as the fibre/plate is removed 
from the liquid, (upper trace). The contact angles are calculated from the 
individual traces as follows. The zero depth of immersion (point where
fibre first contacts the surface of the liquid) is marked. The portion of
the trace to be evaluated is selected by two bars of variable length.
These can be used to eliminate points which lie outside an "acceptable" 
range. A linear least squares analysis is then performed on the selected 
data and the line extrapolated back to the zero point of immersion. This 
eliminates the need for any buoyancy correction. The force at this point 
is used in the expression to determine the contact angle.
The difference in the measured forces is due to the contact angle 
hysteresis mentioned previously, which is almost entirely chemical in this 
case. Also shown in figure 3.17 is the trace from the same glass cover 
slip after it has been flame cleaned. This removes the adsorbed organic 
material, re-exposing the high energy silica surface. There is no 
hysteresis in this case.
The technique can also be used to determine the perimeter of the sample, 
provided a liquid is used which is known to spread spontaneously on the 
unkown surface so cos 0 = 1 .  This is acheived by using a liquid with a 
very low surface tension ie cyclo-hexane (y= 25.5mN/m).
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Figure 3.17 Typical traces from the Wilhelmy plate technique
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3.1.5.4 Experimental
The contact angle measurements were carried out on a Cahn DCA 322 dynamic 
contact angle analyser. This consists of a computer controlled 
microbalance with a moving stage driven by a high precision motor (stage 
speeds in the range 20 to 264 /m/second). Each fibre was submitted to a 
two cycle immersion at 20 /m/second, so that the effect of solvent 
immersion of the contact force could be determined.
A range of unsized carbon fibres with differing levels of surface oxidation 
wn^ i- analysed. These fibres were used "as received" with no further 
pretreatment such as drying or washing. The fibres had been manufactured 
at the BP Chemicals (Hitco) Inc. (BPCHI) facility in Gardena, California 
over the period 1987-1989 and no special precautions had been taken to 
reduce aging (humidity, contamination etc).
Single fibres were isolated from a length of tow and attached to fine wire 
hooks with fast drying adhesive (SuperGlue 3). At least five different 
fibres were taken from each tow for each probe liquid. Fibre perimeters 
were calculated from the force values obtained vdien using cyclohexane 
(which wets the surfaces completely) and the average value used in the 
evaluations with the other probe liquids.
The purity of the liquids is paramount in contact angle work, as very small 
concentrations of surface active contamination can radically alter the 
surface energy. The surface tensions of the as received solvents were 
measured with a freshly flame cleaned glass cover slip to check that the 
value fell close to that quoted in the literature. The probe liquids were 
chosen to give a range of surface tensions, and differing levels of polar 
(Yp) and dispersive (vd) components, to provide data for the calculation of 
the dispersive and polar contributions to the fibres' surface energies.
The liquids were used in small glass test tubes, except water which was 
used in 50 ml beakers. Glassware was periodically cleaned in aqua regia to 
remove any carbon contamination. After cleaning the glassware was 
throughly rinsed in deionised water and allowed to drain and air dry.
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3.1.5.5 Summary
Contact angle measurements provide a method of calculating the surface 
energy of a fibre, and also how this parameter varies along a length of 
fibre. The relative contribution to the surface energy from dispersive and 
polar conponents can be obtained, and thus^how the relative contributions 
vary with the overall level of surface treatment.
3.2 CHARACTERISATim OF THE PHYSICAL STATE OF THE FIBRE SURFACE.
The techniques covered in this section deal with the physical aspects of 
the fibre surface, its surface area and detailed morphology.
3.2.1 Gas adsorption
The adsorption of gases onto solid surface has been used for many years as 
a method of determining the surface area of a sample. If the gas molecules 
can be assumed to pack one layer thick on the surface in question,, and the 
total quantity of gas adsorbed can be measured, the sample surface area 
can be calculated from the known molecular size of the adsorbing gas.
The degree to which any gas will adsorb on a solid surface will depend on 
the accessible surface area of the solid and its chemical state. In 
determining the surface areas of solids by gas adsorption only physical 
adsorption is considered, ie the adsorption is controlled by the dispersive 
and repulsive forces between the gas (adsorptive) and the solid surface 
(adsorbent). This confines the adsorptives to a small range of compounds 
of which the most commonly used is nitrogen at its boiling point of 77K.
The amount of gas adsorbed by the solid (adsorbate) is proportional to the 
amount of sample, the temperature and the pressure of the gas, in addition 
to the nature of the gas and the solid surface. If a solid is exposed to a 
fixed amount of gas at a given temperature, the gas will adsorb on the 
solid, resulting in a drop in the gas pressure and an increase in weight of 
the sample. The relationship between the amount of gas adsorbed and the 
pressure at constant temperature defines the adsorption isotherm of the 
solid. Non porous solids give rise to a Type 2 isotherm (as described by 
Brunauer et al 1940). An example of this type of isotherm is given in 
figure 3.18. Point B is the point at which the monolayer is thought to be 
complete. It corresponds to the point of inflection of the isotherm. The
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Figure 3.18 Nitrogen adsorption isotherm showing Type II behaviour
isotherm can provide quantities of interest such as the specific surface 
area provided there is an appropriate model of the adsorption behaviour.
The most widely used theory for the Type 2 isotherm is that of Brunauer, 
Emmett and Teller, the BET equation (Brunauer 1938). This is a development 
of the kinetic model of adsorption proposed by Langmuir (1918) to describe 
monolayer adsorption. The solid is described as an array of equivalent 
adsorption sites. At equilibrium, the rate of condensation on the 
unoccupied sites is equal to the rate of evaporation from the occupied 
sites. However adsorption does not cease with the adsorption of a 
monolayer on the surface. The model can be extended to cope with 
multilayer adsorption, and indicates that the thickness of the adsorbed 
layer will not be constant. In order to evaluate the expression for 
multilayer adsorption a number of assumptions were proposed by Brunauer, 
Emmett and Teller as follows
a) the heat of adsorption in all but the first layer is equal to the molar 
heat of condensation
b) in all layers except the first the evaporation and condensation 
conditions are the same
c) when the pressure equals the saturated vapour pressure the adsorptive 
condenses to a bulk liquid on the surface.
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These assumptions siitplify the summation for multilayer adsorption leading 
to the BET equation
( /n(p/p° )= + (c-1) (p/p° )
"mC n^c 
p is the pressure of gas
Po is the saturated vapour pressure of the gas 
p/po relative pressure 
n amount adsorbed (moles/g)
Dm monolayer capacity
c constant c = aiYz e^^^i-qD/RT (q^ molar heat of condensation;
a2Yi qi isoteric heat of adsorption;
a condensation coefficient;
~ e(qi-qL)/RT y freq. oscillation normal to surface)
NB Subscript 1 refers to the first layer, 2 all subsequent layers 
qi can vary with the coverage of the saitple 
ai Y2/32Yi may vary from unity in the range 0.02 to 20
Thus once the isotherm has been obtained a plot of p/n(p®-p) vs p/p° should 
give a linear plot with intercept l/n^c and gradient (c-l)/nmC. Solution 
of these two simultaneous equations gives n„ and c.
In this treatment, all the adsorption sites on the solid are assumed to be 
energetically identical and there is no consideration of interactions 
between the adsorbing species. However it is widely used for the 
evaluation of specific surface areas from a Type 2 isotherm.
Low surface area materials <5m^/g, require different experimental 
procedures, since the pressure changes on adsorption are so small. Krypton 
can be used as the adsorbent, or a flow technique can be used. In the 
analysis of these carbon fibres, a flow technique using nitrogen was used. 
The nitrogen was diluted in a helium carrier stream (helium does not adsorb 
at these temperatures), increasing the sensitivity to the amount of
nitrogen passed over the sairple. This allows surface areas of below Im^/g
to be measured with an accuracy of + 0.01 m^/g. A 1 hour nitrogen purge at 
120° C was used prior to the surface area measurement to remove adsorbed 
gases which could be blocking pores in the fibres. This comparatively 
gentle out-gassing procedure was adopted to prevent the generation of 
additional porosity which is not normally available (Robinson 1985).
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The low surface areas of the fibres makes the application of conventional 
pore size determinations inappropriate (Jones 1989). Type 2 isotherms 
indicate there is no mesoporosity (2-50 nm) in the sairples. The micropore 
(<2 nm) volume was calculated for the fibre sanples by the use of a 
comparison plot technique (Harvey 1988). This consists of plotting the 
data for each sample against a non-porous standard with a chemically 
similar surface. A straight line plot with intercept through the origin 
would indicate that the isotherms were of similar shape and there was no 
porosity in the sanple. The micropore volume (if any existed) would be 
shown by a positive intercept. Two "standards" were used namely a type 2 
fibre and the untreated BPCHI sairçle (P292-6).
3.2.2 Microscopy
Carbon fibres have diameters typically in the range 5 to 10 microns. Since 
the resolution of the human eye is of the order of 0.1 mm, some kind of 
microscopy is required if surface features are to be observed. Due to the 
size of the features (fractions of a micron), electron microscopy is the 
preferred method. Optical microscopes are ultimately limited by the 
wavelength of the light itself, and generally the best resolution 
attainable is 200 nm, while scanning electron microscopy can routinely give 
resolution better than 10 nm.
3.2.2.1 Electron microscopy
When an electron beam is accelerated through a potential difference, V, the 
equivalent wavelength is given by
X = 1.23 V-o-5.
Thus for an acceleration voltage of 50 kv, the wavelength is 0.0055 nm. 
Unfortunately the electro-static and magnetic analogues of the glass lenses 
in the optical microscope cannot be corrected to the same extent, so that 
the inherent spherical aberration limits the half angular aperture to 
about 1°. This reduces the theoretical resolving power of a 50kV 
instrument to around 0.3 nm, with a normal working resolution of 1 nm.
As with optical microscopes, the electrons can be used in transmission mode 
where the electrons pass through the sample, or can be used to look at the 
surface of thick sairples.
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Scanning electron microscopy SEM
Direct studies of conducting sanple surfaces can be carried out by SEM. A 
small spot electron beam is scanned across the sample surface, and the 
electrons emitted (secondary electrons) are collected to form the image. 
Non conducting sanples are coated with a thin layer of gold prior to 
analysis. Resolution of the order of less than 10 nm is obtainable.
3.2.2.2 Scanning tunnelling microscopy (STM)
STM is a technique vhich can provide a direct 'contour' map of the surface 
of a conducting saiiple. A  fine tungsten probe is brought close enough to 
the sairple surface so that it is possible for electrons to tunnel between 
the sample and the tip of the probe. Since the tunnelling current is very 
sensitive to the sample/tip separation, any change in their separation, as 
would be caused by topography, will alter the magnitude of the tunnelling 
current. In a constant tunnelling current mode the tip will move up and 
down over the surface as it is scanned in the x-y directions. This motion 
is recorded giving a direct measure of the variation in the surface 
electron density and/or morphology.
The resolution depends on the tip and the surface. On an atomically flat 
specimen it is possible to obtain atomic resolution - silicon and graphite 
are the examples most often quoted (Quate 1986). Some reports have been 
published on STM investigations of carbon fibres, for exairple Hoffman 1988, 
but have concentrated on fibres produced from pitch which can show regions 
of true graphitic structure.
A stable tunnelling current can only be obtained from a conducting sample. 
However this does not preclude the study of thin insulating layers, if 
there is a mechanism for conduction through the saitple (Dietz 1990),
3.3 SUMMARY
The application of the analytical techniques discussed here to a range of 
fibres, should provide a comprehensive picture of the fibre surface 
characteristics and how these vary with surface treatment. Once there is 
an understanding of the changes brought about by surface treatment, it will 
be possible to progress to the next part of the problem, ie determining how
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these changes affect the interface between the fibre and resin, and lead to 
inprovements in composite properties.
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CHAPTER 4
4. EFFECT OF SURFACE TREAIMENT ON THE EXTENT OF OXIDATION
XPS has been used widely in the investigation of fibre surface treatments, 
as it often shows changes which are not detectable or quantifiable by other 
methods. The elemental composition of the outer surface of the fibres 
provides a sensitive measure of the "degree of surface treatment", and much 
work has been reported in the literature correlating the total level of 
oxygen to conposite properties, usually with epoxy resins. These studies 
have mainly concentrated on the total surface oxygen, as opposed to 
specific functional group types, although these groups were identified by 
peak synthesis in the work carried out by Sherwood's group.
XPS studies have been used routinely at BP to determine the level of 
oxidation after surface treatment, with the aim of understanding the 
factors which affect the degree of oxidation. This information is required
to produce a consistant product, and to enable changes in production _
parameters, such as an increase in the speed of the line, to be acconwbdat^) 
in the surface treatment process. Examination of fibres produced on 
regular production runs have shown some variation in the degree of surface 
treatment under reportedly similar conditions. These variations in thCj£^: 
level of surface treatment are undesirable, as they were uncontrolled, and 
the effect on composite quality was not known. The reasons for the 
variations were investigated by two methods. Based on the initial analyses 
of these fibres, and the conditions used to produce them, a number of 
control experiments were devised to be carried out on the plant. In 
tandem, more detailed investigations of the two processes were carried out 
on the laboratory scale. The experimental conditions could be monitored 
more exactly under these conditions. This allows an investigation of how 
changes in conditions could give rise to the surface treatment variation on 
the plant. Additionally, experiments were carried to investigate how the 
variation could be reduced by changing the oxidation conditions.
The effect of surface treatment is measured here only by the amount of 
oxygen incorporated into the surface as determined by XPS. The key 
parameter of ultimate inportance is the effect of the surface treatment on 
the composite properties. It is assumed that even if the level of surface 
oxygen is not directly related to changes in composite properties, it can 
be used as a measure of the 'extent of surface treatment'.
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4.1 BPCHI SURFACE TREATMENT TECHNOLOGY
The fibres used in this study were produced by BP Chemicals Hitco 
Incorporated (Fibres and Materials) (BPCHI) at their plant in Gardena, 
California, USA. They are intermediate modulus (IM) fibres having a 
tensile strength around 5.5 GPa and tensile modulus around 340 GPa. As 
discussed in section 2.1.4, carbon fibres need some kind of surface 
treatment to improve the adhesion to the matrix resins. BPCHI have two 
separate surface treatments, both of which are known to oxidise the 
surfaces of the fibres. The surface treatment regime used is varied 
depending on the resin with which the fibres are to be used. The fibres 
are treated in line with the carbonisation furnaces and sized immediately 
afterwards. Up to 160 tows of fibres are produced in each run, each tow 
consisting of 6 or 12 thousand separate carbon filaments. This assembly of 
tows is known as the web.
The first process is thermal oxidation in ozone enriched air. This is 
known as treatment A. The second involves anodic oxidation of the fibres 
in an aqueous electrolyte, treatment B. These can be combined in any 
order, ie A  followed by B (AB) or B followed by A  (BA) or used 
independently (early laminate data from experiments carried out at BP 
showed BA treatment to be inferior). AB treatment is most commonly used, 
although treatment A is occasionally used alone.
A schematic of the two processes is shown in figure 4.1. Fibres given the 
AB treatment leave the carbonisation furnace and travel straight to the 
furnace fed with ozone enriched air. The ozonated air is taken into the 
furnace through sparger bars, situated along its length. From here the 
fibres enter the electrolytic cell of the B treater. The fibres pass up 
and down through the electrolyte over a series of rollers. The cathodes 
are placed on each side of the fibre web. The web can pass through the
treater up to 20 times, ie 10 complete passes or "loops", however five
passes is the norm. Dummy anodes, or "bars" have been used at the edge of 
the web at each pass to reduce the visible over-oxidation of the edge tows.
The aim is to terminate the electric field so that all tows receive the
same current.
BPCHI use aqueous ammonium nitrate solution for the electrolyte. Ammonium 
salts are preferred as it is known that alkali and alkali earth metal ions 
degrade the thermal oxidative stability of the fibre (Scola 1985).
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Residual ammonium ions thermally decompose at relatively low temperatures 
and are not thought to have a catalytic effect on fibre oxidation. In the 
plant the solution is recycled through the treatment bath, further 
electrolyte being added to maintain the solution conductivity.
Different production runs are signified by the fibre lot number ie PXXX, 
all fibres carrying this number will have been produced from the same 
precursor batch. Different "cuts" can be made in a run relating to a 
change in production conditions or surface treatment and are signified by 
successive numbers after the lot number ie PXXX-1, PXXX-2 etc.
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Figure 4.1 Schematic of BPCHI surface treatment processes
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4.2 LABORATORY SURFACE TREATMENT
The following experiments were to determine the response of carbon fibres 
to the oxidative processes used by BPCHI under controlled conditions in the 
laboratory. This information can then be used to interpret the effects 
which are found on the full scale treatment rigs in the commercial system.
4.2.1 Ozone treatment
A small ozone rig was constructed as shown in figure 4.2. The apparatus 
operated as follows. Compressed air was filtered to remove residual oil, 
particulates and moisture (Spirax Monnier IC4A, IS2A (5-25yum filter) and 
IXl), and fed into the ozone generator (Wallace and Tiernan Ozonator 
BA. 023) at a flow rate of 200 lhr~^. Ozone was produced by an electrical 
discharge through the air. The flow of the ozone enriched air then divided 
to flow through the Dasibi ozone monitor (model 1003-HC) and the reaction 
chamber respectively. The air then passed through an 'ozone destroyer', 
comprising a steel tube packed with iron wool (Neely 1974). This catalysed 
the deconposition of the residual ozone at room temperature before the 
exhaust was vented into the fume cupboard. The ozone concentration of the 
vented gas was monitored by a high sensitivity Dasibi ozone monitor (model 
1003-AH). After the initial warm up period of around 15-20 minutes, the 
concentration of ozone in the exhaust gas fell below 0.02 ppm.
The reaction chamber consists of a 15 cm long glass tube in a Stanton 
Redcroft tube furnace controlled by a West programmable tenperature 
controller.
Surface treatments were carried out on unsized untreated carbon fibres (lot 
P367-6 tow no.40). Lengths of fibre were attached to a glass frame vhich 
fitted into the furnace tube, so that all the fibre surfaces were exposed 
to the flow of ozonated air. The furnace was heated to the desired 
tenperature, and the ozone generator run until the concentration of ozone 
had stabilised. The concentration of ozone was in the range 0.32-0.35% 
w/w. The fibres were then placed in the reaction chamber for the required 
experimental duration. The fibres have to heat up during that experiment, 
so that errors will be larger for the short experiments. After removal, 
the fibres were stored in clean glass jars before being analysed by XPS.
The extent of surface oxidation is reported as the ratio of the atomic
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Figure 4.2 Schematic of laboratory scale ozone treatment process
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concentration to that of carbon (ie. [0]/(C]) from the XPS analysis.
4.2.1.1 Results
Fibres were exposed to ozone at a range of tenperatures from 75 to 200° C 
for up to 40 minutes. The resulting [0]/[C] are summarised in figure 4.3 
as a function of the duration of the exposure to ozone, and in figure 4.4 
as a function of the reaction teirperature.
The level of oxygen on the starting material is 0.034. All the experi­
mental conditions used lead to an increase in the level of oxygen on the 
fibre surfaces. The final extent of oxidation depends on both the temper­
ature at which the reaction was carried out, and the duration of the 
exposure to the ozone enriched air.
Figure 4.3 indicates the sensitivity of reaction at a particular temper­
ature to the length of the experiment. The rate of oxygen incorporation 
increases as the reaction temperature is raised. The ultimate level of 
oxidation is limited by the reaction temperature up to 125°C. After the 
initial increase in oxidation for samples exposed up to 20 minutes, the 
[0]/[C3 do not significantly alter when the duration is doubled to 40 
minutes. Fibres treated at 95°C plateau at [0]/[C] = 0.10, at 125°C at 
0.15-0.17. At temperatures of 150°C and above, the surface oxygen reaches 
levels of [0]/[C] of -0.35-0.40, Wiich corresponds to a very heavily 
oxidised fibres, and almost certainly represents the maxiimum level of 
oxygen incorporation.
Figure 4.4 shows the same data presented in a different fashion. This 
shows the sensitivity of oxidation to increasing temperature, for given 
experimental durations. This plot shows that for the shortest duration, 
one minute, the level of surface oxidation is relatively insensitive to 
increases in temperature up to 125°C. Oxidations carried out for the 
longer durations show an increase with temperature, except the fibres 
treated for 20 and 40 minutes at above 140°C, when the level saturates.
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The analysis of fibre chemistry was continued by an investigation of the 
C(ls) peak shape, to determine the types of functional group produced by 
the ozone treatment, and how these varied with the total amount of oxygen 
measured on the fibres surfaces. Initially the C(ls) regions of fibres 
with similar levels of oxygen resulting from different experimental 
conditions were compared eg 150°C for 1 minute and 95°C for 10 minutes.
The peak shapes were similar, signifying that fibres with equivalent 
[0]/[C] ratios had similar types and quantities of carbon-oxygen functional 
groups.
The method of C(ls) peak synthesis outlined in Chapter 3 was applied to 
spectra from fibres with a range of values of [0]/[C]. The data from this 
analysis is shown in figure 4.5. Each type of functional group is reported 
as a percentage of the total carbon signal. Levels of hydroxyl/ether 
carbon (C-0) rise almost linearly with the level surface oxidation up to 
oxygen to carbon ratios of = 0.3. Above this the level plateaued at around 
10% of the total carbon. The levels of carbonyl type carbon (C=0) are 
relatively insensitive to increasing levels of surface oxidation over the 
range 0.06 to 0.45 ([0]/[C]), with levels in the range 2 to 4% of the total 
carbon. The carboxylic carbons (COOH) show a near linear increase over the 
entire range of oxidation.
The thermal oxidation is effective at increasing the level of surface 
oxygen to high levels. However it is also important to know whether this 
oxidised material is firmly attached to the bulk of the fibre. A simple 
method to test the integrity of the modified surface is rinsing in water.
If the oxidation fragments the fibre surface, soluble low molecular weight 
species could be produced. Fibres with a range of [0]/[C] values were 
therefore rinsed in deionised water for 45 seconds to try to remove any 
soluble species. The surface elemental compositions of fibres before and 
after washing are given in table 4.1. With one exception the level of 
oxygen after washing was lower than before the water rinse. The decrease 
was greatest for those fibres with the highest original levels of 
oxidation, and the carboxylic functional groups were reduced the most, (by 
approximately 50%). These values are higher than the current production 
standard of [0]/[C] = 0.18 and this effect is reduced on fibres with a 
lower initial level of oxidised species. However the solubility of the 
oxidised layer would limit the application of high level treatment by 
ozone, as this material could cause weaknesses at the interface in 
composite materials.
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Table 4.1 Variation of [0]/[CJ after a water rinse
Fibre treatment [0]/[C]
125°C/20 minutes 0.207
170°C/l.5 minutes 0.077
170°C/3.5 minutes 0.199
170°C/10 minutes 0.251
170°C/20 minutes 0.334
170°C/40 minutes 0.455
[0]/[C] after 
water rinse 
0.205 
0.089 
0.126 
0.236 
0.279 
0.299
4.2.1.2 Discussion
The response of fibre oxidation will be discussed in terms of the 
reactivity to ozone and possible mechanisms of carbon oxidation.
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Ozone is thermodynamically unstable at room temperature and its stability 
decreases with increasing temperature. The concentration of ozone is 
therefore expected to fall with increasing temperature inside the reactor 
(measurement of ozone concentration is before the furnace). On the other 
hand the reactivity of the fibres to ozone will increase with temperature. 
Since there is no observed reduction in the recorded [0]/[C] values as a 
function of increasing temperature for any experimental duration, it can be 
concluded that the increase in reactivity is dominant within the 
temperature range employed.
The ultimate oxidation product of any carbonaceous material is CO2 .
However the exact mechanism will depend on the reactivity (structure) of 
the carbon. Reactive carbons will initially form thick oxide layers, 
having surface [0]/lC] ratios up to 0.4. Further oxidation leads to 
gasification of the surface oxides (to CO2 ), while maintaining the 
thickness of the oxide layer. Stable carbons such as graphites, require 
more severe oxidising conditions before oxygen will react with the surface 
atoms, and then the reaction will tend to proceed directly to the formation 
of CO2 , without the development of extensive surface oxides.
The [0]/[C] levels determined in the experiments increased with temperature 
and duration and reflect a growth both in the thickness of the oxidised 
material and the degree of surface oxidation (ie the oxidation state of the 
carbons C-OH COOH). However this does not necessarily mean that a 
continuous oxide film is produced. "Saturation" appears to occur at the 
higher temperatures, and the [0]/[C] level of = 0.4 probably reflects the 
maximum possible oxygen incorporation into carbon. Continued exposure to 
oxidising conditions could have a number of possible consequences. Least 
likely is that ^ e n  the surface saturates, further oxidation is inhibited 
(passive film). More likely is that a dynamic equilibrium is set up 
between oxide formation and sample erosion by gasification. The material 
on the surface of the fibres would therefore be the most highly oxidised, 
and most readily solubilised.
The results from the laboratory process show that at very short durations, 
little oxidation occurs until the temperature is raised above 125°C. This 
could be because the initial rate of reaction (ozone and untreated fibre) 
is relatively low, as the carbonised surface is inherently unreactive, 
whereas the rate of subsequent reaction between oxidised sites and ozone is
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faster. Alternatively, the initial stages of oxidation could result in the 
formation of gaseous products, rather than surface oxides. This might be 
the case if the reactivity of the material on the surface of the untreated 
fibres was different to the "bulk" of the fibre. It could also be a 
consequence of the experimental procedure. As was mentioned earlier, the 
duration of the treatment is timed from Wien the fibres are placed in the 
furnace. There will probably be a lag time, when the fibres heat up, and 
this will be proportionally greater for the shortest experiments. This 
effect could be eliminated by redesigning the furnace with a by-pass for 
the ozonated air, so that the fibres could be placed in the reaction 
chamber, at temperature, without exposure to ozone.
The levels of the different functional groups produced on the fibres, at 
similar overall levels of oxygen, have been shown to be independent of the 
experimental conditions. This suggests that after the initial attack of 
the ozone on the fibre, oxidation proceeds byltesame mechanism.
4.2.1.3 Conclusions and implications for the full scale process
The plant process is currently run with a residence time of 3-4 minutes,
+his
with efforts being directed to reduce^fbr higher speed production.
Decreases in residence time can be compensated for by increases in 
temperature. On the laboratory scale the standard level of oxidation 
(0.07-0.09) for A treatment was obtained at 95°C with a duration of 10 
minutes. A reduction of residence time by a factor of three required an 
increase in reaction temperature to 125°C, to maintain the same level of 
oxidation. Fibres treated for 1/10 of the time required at 95°C need the 
temperature to be increased to 150°C.
On the production line, the experimental duration is essentially fixed, 
temperature being the controllable parameter. For the laboratory scale 
process (10 minutes duration) there is an increase of around 0.01 of 
surface oxygen ((0]/[C3) for each 10°C increase in temperature, up to 
120°C.
The levels of the different functional groups produced in the fibres is 
independent of different experimental conditions which give rise to similar 
overall levels of surface oxygen. The level of carboxylic type carbon 
rises almost linearly with [0]/{C] up to 24% of the total carbon. The 
level of ether/hydroxyl carbon rises until a [0]/[C) of around 0.30, then
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plateaus at -12% of the total carbon. The level of carbonyl carbon is 
relatively insensitive to the extent of oxidation varying between 2-4 % of 
the total carbon.
A proportion of the oxidised layer on the highly treated fibres is soluble 
in water, carboxylic carbons are lost in preference to the other functional 
group types. It is possible that the oxides produced by the A treatment 
are inherently less stable than those remaining on the fibres after the B 
process, since the soluble surface species have been lost into the 
electrolytic bath. The presence of a soluble/mechanically weak layer at 
the interface could lead to poor composite performance, particularly under 
adverse environmental conditions.
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4.2.2 Electrochemical surface treatment
The work reported in this section investigates the extent to Wiich 
oxidation of the carbon fibres is dependent on changes in potential, charge 
passed, solution concentration and pH, as monitored by the oxygen to carbon 
ratio ( [0]/[C] ) determined by subsequent XPS analysis of the fibres.
It is known that surface oxides are formed on carbon electrodes during 
electrochemical processes. Oxidative pretreatments are often used to 
activate carbon surfaces (Kinoshita 1987) and to ensure a reproducible 
response. However there have been relatively few investigations linking 
electro-chemical measurements with spectroscopic surface analysis of the 
treated surfaces, to confirm the proposed oxidation mechanisms. Electro­
chemical oxidation is probably the most widely used method of treating 
carbon fibres. Patents suggest that the potential must be high enough for 
oxygen evolution at the carbon surface, for surface oxidation to proceed. 
The potential at which oxygen evolution occurs differs with the pH of the 
electrolyte (as well as the electrode surface), shifting to lower values at 
high pH (alkaline solutions).
Previous work reported in the literature using Type II carbon fibres 
indicated that the extent of surface oxidation was altered by a number of 
changes in the electrolyte such as concentration and pH (Kozlowski 1985 and 
1986 ). Anodic oxidation at high pH in the presence of ammonia had been 
found to increase the level of surface nitrogen (Kozlowski 1986) and 
decrease the extent of oxidation. However these studies had been carried 
out under potentiostatic conditions and therefore did not take into account 
the differences in charge passed in the different electrolytes. In this 
study as many variables as possible eg solution conductivity, pH, current, 
potential and experiment duration, were monitored during the experiments to 
enable the important parameters to be isolated.
4.2.2.1 Experimental
Figure 4.6 shows the cell used for the electrochemical oxidation of carbon 
fibres. It consists of a cylindrical glass cell with a large, nickel gauze 
counter electrode (cathode).
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Figure 4.6 Cell used in laboratory scale experiments
Untreated BPCHI carbon fibre tows (lot P292-6) were cut into a 20 cm 
lengths and used as the anode. Each tow consisted of 6000 fibres of 6/rni 
diameter, with a 10 cm immersed length. The carbon fibre anode was 
thoroughly rinsed with deionised water and then held vertically in the 
centre of the cell with the aid of a Teflon base plate and a stainless 
steel rod which provides the electrical contact to the potentiostat. The 
cathode and anode are separated by a Nylon mesh to prevent broken fibres 
shorting the cell. A standard calomel electrode (SCE) housed in the 
reference electrode compartment was used to monitor the electrode potential 
of the carbon fibre anode via a Luggin capillary.
The electrolytes were made up from ammonium nitrate, nitric acid or ammonia 
solution (FSA - reagent grade) and deionised water. The "natural" pH of 
the water was around 5.5 due to the presence of dissolved CO2 . This will 
have the effect of lowering the natural pH of the electrolyte solutions.
The solutions were deaerated by purging with nitrogen before being used in
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the cell. The pH and conductivity of the electrolyte were monitored before 
and after the experiment.
An EG&G potentiostat (model 273) was used to investigate the electro­
chemical behaviour of the carbon fibre. A  steady state current-voltage 
plot in the standard electrolyte was generated by polarising the carbon 
fibre electrode in small potential steps (0.1 V) from 0 to 1.6V and 
recording the current after it had stabilised (1 to 5 minutes). In 
addition, galvanostatic (constant current) and potentiostatic (constant 
potential) techniques were used to anodise the carbon fibres.
The rest potential (ie potential measured at open circuit) of the carbon 
fibre anode was measured before and after the experiment. All potentials 
(not corrected for iR losses) quoted are referenced to SCE. The potential 
drop (the iR loss) will be greater in solutions of low conductivity, and 
therefore more significant for the low concentration solutions.
After each experiment, the carbon fibre tow was removed and rinsed in 
deionized water and allowed to dry in air before XPS analysis. Control 
experiments were carried out to determine the effect of the solutions in 
the absence of an applied potential (ie at open circuit). Fresh fibres and 
electrolyte were used in each experiment.
4.2.2.2 Results
Untreated fibres normally have a low level of surface oxidation, [0]/[C] = 
0.03-0.05. However analysis of the untreated material prior to oxidation 
showed that the [0]/[C] ratio had increased over the six months of storage 
from 0.035 to 0.065. This is believed to be due to ageing of the fibres 
resulting in further oxidation and possibly adsorption of water (fibres 
were produced by BPCHI in July 1988). Nitrogen levels are around 0.02 and 
other impurities (sodium, silicon) less than 0.005 (atom ratio to carbon).
Fibres exposed to the electrolyte in the absence of an applied potential 
showed no change in surface composition.
Figure 4.7 shows the current-voltage curve of the carbon fibre tow in the 
standard electrolyte. The rest potential of the carbon fibre tow is 0.1- 
0.3V (with respect to SCE), the expected range for carbon materials. The 
current below l.OV is very small, showing a negligible electrochemical
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activity in this potential region. Itie current increases slowly at about 
l.OV but rapidly at higher potentials with gas evolution at the carbon 
fibre anode.
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Figure 4.7 Current-voltage curve in 0.005M ammonium nitrate solution
Potentiostatic Oxidations
Fibres were held at potentials of 0.05, 0.1, 0.2, 0.5, 1.0 and 2.0 V with 
respect to the SCE for ten minutes and the extent of surface oxidation 
measured subsequently by XPS analysis.
At 2.0V, the anodic current was = 25 mA (equivalent to a total charge of 
around 15 Coulombs (C)) and the fibre heavily oxidised ([0]/[C] = 0.4). 
Nitrogen levels were unaffected, though silicon levels did increase 
slightly (up to 1.5 at%). This is believed to be due to dissolution and 
deposition of silica from the glassware.
At potentials up to l.OV, slight surface composition changes were observed. 
However the extent of electrochemical oxidation was small ([0]/(Cj ratio 
increasing from 0.065 to 0.072). In all cases the current passing through 
the cell decreased as the treatment continued, ie 36 to 24 mA at 2V, 0.06 
to 0.02 mA at l.OV.
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One tow was held at 0.5V (ie 0.2-0.4V above the initial rest potential) 
until a total oxidative charge of -0.5 Coulombs (C) had passed (> 12 
hours). The level of surface oxidation found on the carbon fibres is 
essentially the same as found on untreated fibres, inplying that the rate 
of electrochemical oxidation at this potential is very low.
Galvanostatic Oxidations
Fibres were oxidised under two regimes. One set of fibres were oxidised 
using a 0.5mA current for different periods of time, vdiile another set were 
treated for 10 minutes, with the current being increased to alter the 
amount of charged passed. The potentials were all above 1.0 V (with 
respect to SCE), although the potential was not constant during the 
oxidation experiments.
Figure 4.8 shows the level of surface oxygen for these experiments as a 
function of charge. A more appropriate unit is the charge per unit area of 
the fibres surfaces. For the fibres used in these experiments this is 
equivalent to a surface area of 0.113 m^/m of tow. All subsequent plots 
will use this measure.
The [0]/[C] values for both sets of experiments lie on the same curve 
within experimental variation (+0.02). This shows that the level of 
surface oxidation is independent of the applied potential over the range in 
these experiments (1.1 to 1.6V). With this particular system, above a 
limiting value of l.OV, it is the charge passed that determines the degree 
of oxidation rather than the potential at vdiich the fibres are held. This 
is in agreement with other work (Paul 1974) which suggests that the level 
of oxidation is independent of applied potential, and depends on the charge 
passed. No explicit study of the carbon peak shape was carried out, though 
conparisons were made between laboratory treated and BPCHI treated fibres 
with the same level of oxygen. There were no significant differences in 
the C(ls) peak shapes.
Effect of preoxidation
It has already been shown that the increase of [0]/[C] is not a linear 
function of the charge passed for untreated fibres, and the surface appears 
to saturate at a values around 0.40. These data can be used as a
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Figure 4.8 Galvanostatic oxidations - surface oxygen as a 
function of charge passed
calibration curve for oxidation. The experiments detailed in this section 
were carried out to determine whether gaseous oxidation resulted in a 
surface with significantly different reactivity (to further oxidation), 
than fibres treated electrochemically. The fibres used had been previously 
oxidised at the Gardena plant by two routes (A and B). The electro­
chemically oxidised fibre was included as a check, as in this case the 
final level of oxidation should only depend on the amount of charge passed. 
The fibres were subjected to further oxidation in the laboratory electro­
chemical cell. The fibres and their original and final oxygen levels, are
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given in table 4.2. Also shown is the charge passed, and the level of 
oxidation expected from the "calibration curve".
Table 4.2
Fibre BPCHI surface Initial Charge Final "Expected"
treatment 10]/[C] passed [0]/[C] [0]/[C] ±0
P282-1 A 0.190 0.6 0.203 0.28
P301-2 A 0.141 0.5 0.220 0.26
1.5 0.345 0.39
P301-8 B 0.176 0.5 0.243 0.26
1.5 0.330 0.39
The final level of oxidation is less than expected from the quantity of 
charge passed. For the fibres which have experienced treatment A prior to 
the electrochemical oxidation, it could be argued that the surface had been 
passivated by the gaseous oxidation. However since the final level of 
oxidation is also less than expected for the B treated fibre, a mechanism 
relying on passivation is not likely. The reduction in the extent of 
oxidation could be due to adsorbed material on the surface, \diich must be 
oxidised/ or solubilised before the underlying fibre surface is exposed.
Electrolyte variables
Concentration experiments
Carbon fibres were oxidised in ammonium nitrate solutions of concentration 
O.OOOIM to 0.5M. A  constant anodic current of 0.5 mA was passed for 400 
and 2000 seconds (0.2 and 1.0 C respectively). The oxidation levels were 
then conç)ared to those of fibres oxidised in the standard electrolyte 
(0.005M NH4NO3). The measured pH of these solutions decreased with 
increasing concentration from about pH 5.8 to pH 4.9 (standard solution pH 
5.5). The pH dropped after the treatment by up to one pH unit for the most 
dilute solutions. This effect was reduced for the concentrated solutions. 
This is unlikely to be due to the formation of soluble acidic organic 
oxidation products, but may indicate the generation of hydrogen ions (H+ ) 
during the oxidation process. The conductivities of the solutions 
increased with concentration from 19 microsiemens (//S) for the 0.001 M 
solutions to over 10 millisiemens (mS) (maximum reading of meter) for
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solutions of 0.5m . The rest potentials in the various solutions did not 
show significant variation and all were in the range 0.2-0.3V.
The XPS analysis of the fibres showed [0]/[C] ratios similar, but slightly 
lower than fibres treated in the standard electrolyte. No definite trend 
of oxygen level with concentration could be discerned, although the 
standard electrolyte appeared to produce the maximum oxidation for a given 
charge. Figure 4.9 shows the effect of the electrolyte concentration 
superimposed on the response curve shown in Figure 4.7.
Variation in pH
Low pH
Nitric acid was chosen to reduce the pH of the standard electrolyte as it 
has the same anion as the electrolyte. Ammonium nitrate was used at two 
concentrations : 0.005M NH4NO3 adjusted to pH 2.4 and 0.5M NH4NO3 adjusted 
to pH 2.5.
The maximum potential reached was 1.4V, \diich is identical to the carbon 
fibres oxidised to the same extent in 0.0001-0.5M electrolytes of pH -5.5. 
The conductivity of the 0.005M solution was around 1.6 mS (about twice the 
conductivity of the standard electrolyte) and the conductivity of the 0.5M 
NH4NO3 >10 mS. The rest potentials of the fibres were similar to fibres in 
the standard electrolyte.
Fibres exposed to the electrolyte with no applied potential (ie at open 
circuit) showed no change in surface coirposition, indicating no chemical 
oxidation was taking place. XPS analysis after oxidation showed [0)/[C] 
ratios very similar to those of fibres treated in the standard electrolyte, 
although fibres treated in the 0.5M solution showed slightly less 
oxidation. Figure 4.10 shows the effect of pH 2.4 and 2.5 as compared with 
pH 5.5 for the standard electrolyte.
High pH
Carbon fibres were also investigated in alkaline ammonium nitrate 
electrolytes. The pH of the ammonium nitrate solutions was raised by the 
addition of ammonia solution. Six electrolytes were used : 0.005M NH4NO3
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adjusted to pH 7.2, pH 7.9 and pH 9.4 and 0.5M NH4NO3 adjusted to pH 7.5, 
pH 8.2 and pH 9.4. The rest potentials of the fibres were lower than 
previously found, at approximately O.OV for pH 9.4 electrolytes, rising 
close to the potential of fibres in the standard electrolyte (about 0.2V) 
for the pH 7 electrolytes. The potential of the carbon fibre anode reaches 
a maximum of -1.25V for the pH 7.5 solutions and -0.9V for the pH 9.4 
solutions during the experiment. These potentials are lower than those 
found in acid electrolytes. The potential at which oxygen evolution occurs 
is also lower.
XPS analysis of the fibres showed large differences in surface composition 
to those treated in the standard electrolyte. The [0]/[C] ratios increased 
linearly with charge above pH 8 , and the extent of oxidation was greatly 
reduced. The extent of oxidation at a given charge decreased as the 
solution became more basic.
The other major difference was in the large increases in surface nitrogen 
levels of the fibres treated in solutions at pH 9.4. Nitrogen levels of up 
to 17% were recorded compared to about 2% for untreated fibres. The atomic 
percentage of nitrogen showed a linear relation to charge passed using the 
constant current of 0.5mA. There was also a concentration effect. With 
the 0.5m  electrolyte there were much higher nitrogen levels than with the 
0.005M solution and they increased more rapidly with charge. Increased 
nitrogen was also produced on the fibres treated in the high concentration 
solution at pH 7.5.
Figures 4.11 and 4.12 show the effect of the alkaline pH in coitparison to 
the standard solution of pH 5.5.
Fibres left in the electrolyte with no externally applied potential showed 
no difference from untreated fibres. This indicates that the nitrogenation 
can be attributed to an electrochemical reaction. XPS showed that the 
surface nitrogen was present in at least two chemical states. Nitrogen 
spectra from untreated and fibres treated in alkaline solutions are given 
in figure 4.13. On the fibres with a low level of nitrogen (untreated and 
acidic anodised) there was a peak centred around 401 eV with a shoulder to 
lower binding energy. The peak at 401 eV is typical of a protonated amine 
or possibly amide type nitrogen functionality. As the nitrogen level 
increases on the fibres oxidised on the higher pH solutions, the peak 
centre shifts to lower binding energy (around 399 eV). This is more
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typical of pyridine and nitrile type functionality, and is too low for 
nitrate species (406 eV). These peak positions are consistent with 
previous work by other authors who have shown a nitrogenation effect Wien 
using electrolytes with a high level of ammonia (Kozlowski 1986). They 
explained the incorporation of nitrogen by reaction with oxygen groups 
already present on the surface, possibly followed by subsequent electro­
chemical oxidation. However these data indicate that for fibres with very 
high nitrogen levels there is not enough oxygen present to account for all 
the nitrogen seen, indicating other reactions are also occurring. A 
comparison of the carbon peaks of fibres differing only in the level of 
nitrogen is shown in figure 4.14. This shows the difference in carbon 
functionality due to the incorporation of nitrogen. However it is not 
possible to infer the position of the carbon-nitrogen peaks directly from a 
difference method as the distribution of carbon-oxygen functional groups 
may also be different, since the oxidation conditions were not identical.
These experiments were repeated with sodium nitrate to determine whether 
the adsorption of cations on oxidised carbon sites could explain the high 
nitrogen levels. Sodium nitrate solutions of concentration 0.005M at pH
2.5 (by adding nitric acid), pH 10.4 (by adding sodium hydroxide solution) 
and at its "natural" pH (pH 5.4) were used. Potentials of the fibre were 
similar to when in the corresponding ammonium nitrate electrolytes.
The XPS analysis showed similar levels of oxygen to the fibres treated in 
the equivalent ammonium nitrate electrolytes. There was no increase in the 
levels of nitrogen. Low sodium levels on the fibre in alkaline solutions 
showed that that the increase in the levels of surface nitrogen with 
ammonium nitrate were probably due to an electrode reaction of the NH3 
species and not physical adsorption of the cation.
Fibres were oxidised in sodium hydroxide solution and then placed in 0.5M 
solutions of ammonium hydroxide. This was to check whether oxidation in 
solutions of high pH produced porosity in Wiich ammonia could be adsorbed 
and trapped. There was no significant increase in the level of nitrogen 
confirming that the electrochemical process is required to produce the high 
nitrogen levels or that the effect is specific to NH4OH oxidations.
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4.2.2.3 Conclusions
The preliminary potentiostatic experiments and XPS results indicated that 
surface oxidation of carbon fibres is potential dependent with very slight 
oxidation occurring below l.OV, extensive oxidation only occurring (in acid 
solution) above =1.0V (wrt SCE).
Subsequent anodic oxidations carried out at potentials above l.OV shows 
that the surface oxidation of carbon fibres is charge dependent. The level 
of surface oxidation is very sensitive towards charge per unit surface area 
in the range of 20-60 C/m^ (ie the gradient of [0]/[C] versus charge is 
steep) but plateaus above 100 C/m^. This could mean that the surface 
"saturates" and further oxidation is inhibited. The oxide layer could be 
getting thicker (beyond the sampling depth of XPS) or oxidation could 
continue with the more oxidised outer surface being removed as CO2 , (the 
fibre is getting thinner). These different mechanisms could be 
differentiated by techniques with a greater analysis depth than XPS.
Whereas electrolyte concentration and acid pH make little difference to the 
final level of surface oxidation, alkaline pH has a clear effect. With the 
electrolyte adjusted to pH 7.2 and 9.4, the level of surface oxidation of 
carbon fibres is substantially reduced. The electrode potentials of the 
carbon fibres oxidised in alkaline electrolytes are lower than the 
corresponding carbon fibres charged to the same extent in acid electrolytes 
and this may account for lower levels of oxidation. The conductivity of 
the electrolytes is unlikely to have a significant influence on the level 
of oxidation. The level of surface oxidation decreases with increasing pH, 
but is also affected by the electrolyte concentration. The surface 
oxidation of carbon fibres in acid and alkaline electrolytes is likely to 
proceed via different mechanisms ie via adsorbed H2O in acids and adsorbed 
OH" in alkalis.
The incorporation of nitrogen into the fibre surface could radically alter 
the reactivity of the fibres surfaces, depending on the physical/chemical 
state of the nitrogen. Fibres with a higher than usual level of nitrogen 
(Hercules XAS nitrogen = 8 atomic %) have been found to have much better 
adhesion to thermoplastic matrices than Hercules ASl and AS4, surface 
nitrogen around 4 atomic % (Bascom 1987). This could only be determined by 
conposite testing, and will depend on the adhesion mechanism.
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4.3 INDUSTRIAL SURFACE TREATMENT
Under ideal conditions fibres would be produced with a completely 
controlled and reproducible level of surface treatment. This is unlikely 
to be achieved in practice and therefore commercially produced fibres will 
be oxidised to differing levels. However this variation should be 
controllable and minimised.
XPS has been used routinely to examine fibres produced in normal BPCHI 
runs. This has led to a large quantity of data relating to the effect of 
process variables of a limited range on the level of surface oxidation. In 
1987-8 BPCHI aimed to produce fibres with around 17 atom % (at%) oxygen.
Due to incorrect XPS quantification by BPCHI's external consultants, the 
level of oxidation realised was much higher, at around 24 at%. The trend 
in the industry as a whole appears to be to reduce the degree of oxidation 
to a level typically around 8 at%. Following improved hot/Vet performance 
with epoxies Wien using lower surface treated fibres, a target surface 
treatment level of around 15 at% oxygen ([0]/[C] = 0.18) was set in mid 
1989. Consequently many of the fibres examined have surface treatment 
levels around these values.
In addition to the routine studies of material from production runs, a 
number of specific experiments have been carried out on the BPCHI plant. 
These consisted of changing process parameters in the A and B treatments 
independently in order to determine their individual effects. The 
conditions and ranges were chosen after the interpretation of the XPS 
analyses in relation to the conditions recorded for the treatments (current 
temperature etc). The aim was to identify the key variables which govern 
the degree of surface treatment, so that a predictive basis can be created 
for the production of carbon fibres with a defined surface treatment.
This section describes the results of these studies to identify the key 
process parameters. It dicusses the relationships which have been 
identified so far between the degree of surface oxidation and the process 
treatment parameters, and the reasons for some of the variation in surface 
oxygen levels, tow to tow.
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4.3.1 Production variables
The major variables in fibre production are the precursor used, the 
tenperature and tensioning profiles during the oxidation and carbonisation 
stages and the line speed, Wiich affects residence time in each stage. All 
the fibres studied here have been produced from PAN from one supplier, so 
precursor variations have been kept to a minimum.
Changes in the carbonisation/oxidation tenperature profiles and fibre 
tensioning will lead to an altered fibre structure (as is evident from the 
different fibre mechanical properties). A  large difference in the 
susceptibility of different fibre types (eg HS and HM) has been reported in 
the literature (Fitzer 1980), but the effect of slight changes in surface 
structure for one class of fibres has not been reported. The speed of the 
fibre line probably has the most important effect on surface treatment 
since this affects the residence time in each surface treatment process.
The nominal speed of the fibres through the entire production process is 18 
inches per minute (ipm); this is the speed of the PAN oxidiser drive, and 
due to the various stages of stretching and shrinking, the tow speed 
through the surface treatment rigs will be slightly different (typically 
5.6% greater). Increasing the line speed will reduce the contact time of 
the fibres in both the A and B treaters, and potentially, the level of 
oxidation.
The two surface treatments were described at the beginning of the chapter. 
Experimental variables for treatment A are the concentration of ozone, the 
air flow and the temperature profile through and across the furnace.
There are more variables with B treatment than A treatment, implied 
voltage and hence electrolytic current can be readily adjusted but, in 
addition, the path length can be varied by changing the number of loops. 
Electrolyte type, concentration, pH and temperature are potential variables 
but the effect of these has not been monitored on the full scale line.
4.3.2 Surface analysis of fibres after treatment A
The standard conditions for treatment A consists of a 0.3% w/W concent­
ration of ozone in air, with the oven set to 95°C and a web speed of 18 
inches/minute (ipm), equivalent to a residence time of around 3.5 minutes. 
Treatment A is rarely used alone and few samples of A only treated fibres
97
have been examined apart from limited sets specially produced. Consequently 
the effects of the various variables such as line speed, carbonisation 
tenperature etc have not been fully examined.
The first XPS analyses were carried out on fibres which had already been 
oxidised under "standard" conditions. These results showed considerable 
variation in the level of oxidation after the thermal oxidation. Typical 
levels of oxygen for the "standard" conditions are in the range [0]/[C] = 
0.04-0.07. The lack of a set of fibres which had been subjected to 
systematic variation in treatment conditions prevented any firm conclusions 
being drawn from these data. There was a clear need to determine Wiich, if 
any, of the process conditions was was the dominant factor in determining 
the final level of oxidation.
A  number of runs^wd5_) therefore carried out to produce fibres which had 
expe^e^ed a range of experimental conditions. The effect of the 
concentration of ozone was investigated first, attention then concentrating 
on the reaction temperature.
Ozone concentration
The effect of ozone concentration over a small range was investigated in 
the P301 series. The oxygen levels on the fibres (P301-2, P301-3 and 
P301-6) are much higher than would be expected from the previous results, 
in the range [0]/[C] = 0.10-0.15. However there was no direct dependence 
on the ozone concentration in the range 0.1 to 0.5 %. These results 
suggested that although the concentration of ozone would affect the extent 
of oxidation, it was not the most important factor at the levels under 
study.
Reaction temperature
By analogy with the results produced on fibres treated on the laboratory 
scale, the effect of reaction temperature was followed with a number of 
different fibre batches (P305, P310 and P325) over a range of temperatures 
from 50 to 125°C, as shown in figure 4.15. All these fibres had 
experienced the same processing conditions, with a final carbonisation 
temperature prior to surface treatment (Tc) of 1350°C. There is a clear 
upwards trend, supporting the results produced from the laboratory model 
experiments.
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This study was extended using fibres from the same batch (P339) for the 
entire temperature range. A portion of the full web was supplied by BPCHI 
so that variations between the tows at the edges of the web and the central 
area could be identified. The results are shown in figure 4.16, with the 
other data available for fibres carbonised at 1350°C. The oxygen level 
rises as the temperature in the furnace is increased. At 135°C the extent 
of oxidation is high, approaching that required for the "standard" level of 
0.18, but has not yet reached a maximum. There is also a significant 
difference between the level of oxidation of tows at different positions 
within the web, as is shown by the scatter in the [0]/[C] values at a 
single temperature. Three samples were analysed from each web, two from 
each edge (1-3 tows in) and one from a central tow. The edge tows were 
generally less oxidised than the sample from the central tow. This may be 
related either to the the temperature gradient or the ozone concentration 
gradient within the treater, evidence for both having been reported by 
BPCHI. The edge to middle variation was mapped out for one temperature, 
135°C, by analysing samples from every third tow from the edge to the 
centre of the tow. Figure 4.17 shows that the level of oxidation is 
dependent on the position within the the web, leading to variations of 
around 3 atomic % for nominally the same treatment.
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Figure 4.18 shows a comparison between the laboratory data and the plant 
data. There is not an exact match between the oxygen levels obtained at 
similar residence times, the [0]/[C] levels of the plant produced fibres 
(residence time approximately 3.5 minutes) lying between those obtained for
3.5 and 10 minutes. This is probably a result of inaccurate temperature 
calibration inside the furnace, on both the laboratory and plant scale.
The actual temperature will depend in the flow rate of air, which enters 
the furnaces at ambient temperature. On the plant, the ozonated air is fed 
across the width and along the length of the furnace whereas on the 
laboratory scale the air is fed into one end of the furnace.
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Figure 4.18 Comparison between fibres oxidised under plant conditions 
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101
4.3.3 Surface analysis after electrolytic oxidation
On the BPCHI line, B treatment is almost always used after A. It is 
therefore not possible to isolate the electrochemical factors controlling 
the final level of oxidation. It was assumed that Whatever the effect of
treatment A was on subsequent electrochemical oxidation, it would be
constant. Thus changes in the extent of oxidation after the electrolytic
treatment could be related directly to differences in the experimental
conditions. Figure 4.19 shows a compilation of all surface oxygen analysis 
results for fibres produced at 18 inches per minute (ipm) which have had an 
AB treatment. There is a general correlation with current, but also a 
large scatter. Since these fibres have all experienced the same process 
conditions (maximum carbonisation temperature, Tc, = 1350°C, line speed 18 
ipm), the variations in the level of surface treatment must be due to 
changes in the surface treatment process. reasons for the large degree
of scatter are discussed below. The increase in the level of oxygen on the 
fibre surfaces increases very rapidly up to 10 anps, and then appears to 
stabilise, as judged from the [0]/[C] levels. The standard level of fibre 
surface oxidation required by BPCHI is currently around 0.18 ([0]/[C]), as 
determined by XPS. This is on the steep portion of the response curve, so 
that small variations in current density can result in large changes in 
surface oxygen. A flatter response curve around the 0.18 region would be 
desirable in order to produce a stable surface treatment process, and a 
more consistant product. One aim of the laboratory scale investigations 
was to determine conditions Wiich would alter the shape of the [0]/[C] vs 
charge response.
The experiments carried out in the laboratory showed that it is the charge 
passed per unit area of fibre surface that determines the level of 
oxidation, the extent of oxidation being independent of the applied 
potential above a threshold potential of around l.OV (with respect to SCE). 
The shape of the response curve for the fibres oxidised in the laboratory 
is similar to that generated from the fibres produced on the plant, 
although the maximum degree of surface oxidation is slightly greater in the 
laboratory experiment. Comparisons between the two experiments are 
complicated by the different type of power source used in each treater; the 
laboratory system being DC vtiereas the BPCHI system was a chopped three 
phase, full wave rectified supply, probably best described as a pulsed 
supply. Differences between the plant and laboratory experiments may also 
be due to the fibres motion when treated on the plant whereas in the
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Figure 4.19 Oxygen levels on fibres given AB surface treatment
laboratory treater they are static. On the plant the fibres will be 
mechanically agitated, and "worked" as they pass over the rollers, which 
could led to the loss of oxidised material from the surface. All data from 
the B treater presented subsequently plotted as [0]/[C] ratios against 
the average charge passed/unit area of carbon fibre surface. An example of 
the calculation is given in j^pendix A.
Edge effects
As stated at the beginning of this chapter, it Had already been noticed 
that the tows at the edge of the web were visibly over oxidised after B 
treatment (fibres turned brown). This effect is exacerbatedlythe packing 
density (tows/cm) across the rollers being reduced at the edges of the web 
improve handling through the treater. Dummy anodes were introduced in the 
B treater at the web edge to reduce the visible over-oxidation of the edge 
tows vdiich was leading to up to 10% of the total fibre production being 
discarded. This led to a reduction in the exent of over-oxidation, 
measured by XPS analysis of the fibres. Figure 4.20 shows the lateral 
variation in oxygen levels from one edge of the web to the middle tows, for 
both B treated fibres (without bars) and AB treated fibres (with bars). In
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Figure 4.20 Extent of "edge effect" after electrochemical oxidation
both cases there is a progressive decrease in the oxygen levels on the 
surface from the edge to towards the middle tows. However the level of 
oxidation remains significantly higher up to 20 tows into the web. This 
means that up to 25% of the fibres produced are more extensively oxidised 
than is required.
Figure 4.21 compares two sets of fibres which had experienced the same AB 
surface treatment except in one case the dummy anodes were not connected.
At the same overall currents, the level of oxidation on the central tows is 
roughly comparable. The magnitude of the edge effect has been reduced by 
the use of the dummy anodes ("bars") as is seen by the lower [0]/[C] values 
for the edge tows.
The over-oxidation of the tows at the edge of the web arises from a higher 
current density in the local area around the edges, compared with the value 
in the centre of the web. This means that the local charge passed per unit 
area is higher at the edge of the web than in the centre. This is a direct 
consequence of the design of the cell, which through necessity does not 
have infinitely large electrodes. There is therefore a higher electric 
field at the edge of the electrodes, leading to higher currents.
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However the surface oxygen values for all the samples from the same batch 
are plotted against the average charge/unit area, assuming a homogeneous 
distribution. The edge tows actually experience a much higher total charge 
passed per unit area. This variation explains some of the scatter of data 
in figure 4.19, as this contains samples taken from different positions in 
the web.
Treatment B vs treatment AB
A study on B treatment without exposure to ozone was carried out on fibres 
P338. Tows from the middle and both edges (1-3 tows in from each edge) of 
the web were analysed to determine the homogeneity of surface oxidation. 
Figure 4.22 shows the effect of increasing charge on the level of oxidation 
and indicates the magnitude of the edge effects at both edges of the web.
No dummy anodes were connected in this experiment. There is a large 
difference between the outermost and "middle" tows, particularly at the 
currents used to attain the oxygen target [0]/[C] = 0.18; the edge tows 
being twice as oxidised as the centre. The edge-middle difference 
decreases at higher surface treatment levels as the surface saturates.
105
0 . 4 0 -
0 . 3 5 - -
0 . 3 0 - -
0 . 2 5 - -
\ 0.20-r 
o
0 . 1 5 - -
0 . 10 - -
0 . 0 5 - -
0 .00-
■n
IM
25 50
IM
I IM
in
M [0]/[C] values from 
tows in centre of web
75 100 125 150 175
CHARGE/UNIT AREA C/m2
200  2 25  2 50
Figure 4.22 Variation of [0]/[C] after electrolytic oxidation (6^
0 .4 0 -
0 . 3 5 -
0 . 3 0 - -
0 . 2 5 -
\ 0.20-- 
o
0 .  15-
0 . 10- -
0 . 0 5 - -
0 .00-
1-----1-----1-----r
V □
B
a.
f
T f
"1"
25 50 75
4-
100 125 150 175  200
CHARGE DENSITY C/m2
225  250  2 7 5  300
□  B treatment 
V  AB treatment
Figure 4.23 Comparison between AB and B treated fibres
106
Figure 4.23 compares the extent of oxidation for fibres treated by B only 
and AB treatments for the same B treater parameters. Treatment A in this 
case would have given [0]/[Cl ratios of around 0.07 for a centre tow (cf 
batch P339). Three sanples were analysed from each web, one from each edge 
and one from the central region. These are indicated on the figure by ,
- y: . "M" (middle). The two experiments give overlapping plots,
showing very little difference in the oxygen levels. For this particular A 
treatment the A  and B treatments are not additive and the final oxygen 
level seems to be determined almost entirely by the B treatment. . The only 
exception to this is the observation that at the very lowest severity B 
treatment the edge to middle discrepancy of the AB treated material is low 
compared with B only, suggesting some passivation of the surface by the A 
pretreatment for low charge levels in the B treatment.
Effect of production speed
Figure 4.24 shows a selection of data relating to AB and B treated fibres 
(Tc=1350°C), which have been produced and surface treated at line speeds 
other than 18 ipm. The current in the electrochemical cell was altered 
from the standard level, in proportion to the change in line speed. This 
ensured that the charge passed per unit area of the fibres was maintained. 
The oxygen levels on the fibres treated at differing line speeds (14 to 42 
ipm) lie within the scatter of the fibres treated at 18 ipn Wien plotted as 
function of total charge passed per unit surface area of the fibre. This 
suggests that there is no significant alteration in fibre surface structure 
caused by the change in production speed, and the decrease in residence 
time in the electrolytic cell can be compensated for by increasing the 
current.
Effect of carbonisation temperature
Figure 4.25 shows the data fibres which have been processed with final 
carbonisation temperatures other than 1350°C. No dependence is obvious 
with the relatively small number of fibres treated at other than 1350°C and 
18 ipm.
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4.4 DISCUSSION
XPS data has been obtained on a wide range of BPCHI fibres initially for 
quality control purposes from regular pilot plant runs. This led to a 
number of specially designed experiments which with the supporting studies 
carried out on the laboratory scale, has enabled the key parameters in both 
surface treatment technologies to be identified, ie tenperature in the 
ozone process and charge/unit area for the electrochemical oxidation. This 
has the immediate benefit of enabling process control to be concentrated in 
the areas which give rise to most product variation.
The laboratory scale experiments showed that both processes were capable of 
producing highly oxidised fibres. The levels of surface oxidation are 
coirparable with fibres treated similarly on the plant. Thus it is 
reasonable to infer that the behaviour observed in the laboratory can be 
used to predict the effect of changes in the plant scale.
Studies of the electrochemical oxidation (B treatment) have confirmed that 
the charge passed per unit surface area of the fibre is the parameter which 
determines the extent of oxidation, rather than the potential. It has been 
shown that B treatment gives rise to significant inhomogeneity of surface 
oxidation across the web, particularly at the edges. For the standard 
level of treatment the differences between the middle and edge of the tow 
can be as high as a factor of two. This is essentially a problem of cell 
design, and an improved electrochemical cell, designed to minimise the 
inhomogeneous electric fields at edges of the electrodes would be required 
if the current electrolyte was to be ftkwAgj. However an alternative approach 
is to modify the electrolyte and electrochemistry, so that the effect on 
the level of oxidation of the inhomogeneous current densities is reduced.
s. -X
This can be achieved by an increase in the electrolyte pH, \diich reduces 
the fibre sensitivity to oxidation.
The heterogeneity of surface oxidation after the electrochemical treatment 
has had the secondary effect of masking the observation of other possible 
dependencies in this study. For exanple the scatter of "standard" results 
would have masked any subtle variation due to line speed, and carbonisation 
temperature.
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4.5 IMPLICATim OF HETEROGENEOUS OXIDATIW FOR COMPOSITE SYSTEMS
The effect of fibre surface treatment heterogeneity on the mechanical 
properties of a conposite is not understood, and has not been an issue to 
date. Since significant differences in coirposite properties from fibres 
with different average surface treatments has been observed, it might be 
expected that heterogeneous surface treatment might to give rise to regions 
with very different mechanical properties.
Discussions of homogeneity have so far referred only to averaged 
differences between different tows within the web. An unaddressed issue is 
the homogeneity of treatment within the tow. This arises as filaments in 
the centre of the tow are likely to have restricted contact with the 
oxidising media, whether it be the A or B process. Ihis could lead to less 
severe oxidation. One approach to quantify this problem is discussed in 
Chapter 6 .
As mentioned at the beginning of this chapter, the validity of using the 
level of surface oxygen of the fibres as the measure of the effectiveness 
of surface treatment has not been proven. As the total level of surface 
oxidation has been used to indicate differences in composite properties, it 
is not unreasonable to expect that there may be a clearer correlation with 
a less general effect (such as a single functional group type). A  detailed 
investigation of the types of functionality produced by surface treatment, 
and their possible effect on the fibre matrix adhesion, is developed in the 
next chapter.
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CHAPTER 5
5. CARBŒ FIBRE FUNCTIONALITY AND REACTIVITY
This chapter focusses on the [0]/[C] parameter used in Chapter 4 to 
characterise the level of surface treatment. The aim is to identify the 
surface functionality of carbon fibres, and to determine their reactivity. 
This is particularly inportant if covalent bonding between the fibre 
surface and resin is the source of the adhesion improvements after surface 
treatment.
This information is obtained by the application of XPS. Direct analysis of 
the XPS spectra supplies information about the functionality of the surface 
by measurement of the chemical shifts arising from the perturbations of the 
core levels in different chemical environments. For carbon fibres, a peak 
synthesis model has been applied to the C(ls) region of spectra recorded 
from a large number of fibres which had undergone different levels of BPCHI 
surface treatment. This gives a more detailed measure of the fibre surface 
conposition than the [0]/[C] alone. It allows coirparison between fibres 
which have been oxidised by different routes, and a method to quantify 
differences in the resulting surfaces. The peak synthesis method gives 
information about the fibre surfaces over and above a single [0]/(C] value, 
and is experimentally quick, but is limited by being a modelling process.
It can neither determine the exact nature of the groups on the surface, nor 
their reactivity. To overcome this weakness, identification of classes of 
surface functional groups was attempted by reaction with fluorinated 
derivatisation conpounds. This should allow quantification of each of the 
functional groups by molecular chemical structure, ie hydroxyl, carbonyl 
etc, rather than by its chemical shift in XPS.
The type of functionality present on the fibre surfaces is also expected to 
determine the reactivity of the fibre surfaces to the matrix resins. The 
fibre reactivity has been probed by exposure to fluorinated epoxy and amine 
conpounds. The extent of reaction is monitored by subsequent XPS analysis. 
Since XPS requires the sanple to be placed in high vacuum, weakly inter­
acting systems cannot be studied. However it can pinpoint those reactions 
which result in a strong interaction between the fibre surface and the 
probe conpound.
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5.1 PEAK SYNTHESIS OF SURFACE TREATED CARBOJ FIBRES
As mentioned in Chapter 3, the shape and position of the photoelectron peak 
is affected by the chemical environment of the atoms from which the 
electrons originate.
A visual inspection of the carbon peak shape at increasing levels of 
surface oxygen allows a qualitative idea of how the surface chemistry is 
changing. Figure 5.1 shows the change in C(ls) line shape as the surface 
is oxidised. At high levels ([0]/[C] = 0.25) a clear shoulder develops on 
the high binding energy side of the carbon peak at a position corresponding 
to carboxyl. The full width at half maximum (FWHM) of the carbon envelopes 
increases with the 10]/[C] ratio (figure 5.2). By analogy with standard 
materials the approximate shift of the functional groups^H F ^ known (as 
discussed in Chapter 3). The increase in the width of the C(ls) peak will 
be a function of the amount of C-0, and to a lesser degree C=0, on the
surface. It will also depend on the width of the C-H peak, and whether
this varies with surface treatment.
There is a clear increasing trend in the EV^ HM of the carbon peaks which is 
approximately linear, (scatter +0.1 eV). If this scatter is not an error 
of measurement of the peak width, it will limit the precision of the peak 
synthesis routine.
Detailed studies of the carbon peak shape from fibres which had been
oxidised by different amounts were carried out to determine the amount and
type of carbon/oxygen functionality present on the surface.
Using the model outlined in Chapter 3, peak synthesis has been carried out 
on a large number (>150) of BPCHI unsized carbon fibre saitples which have 
been oxidised using the combined AB treatment. There are also a few 
examples of fibres which have only experienced the thermal oxidation (A) or 
electrochemical oxidation (B). The results from all the peak syntheses are 
summarised by functional group type in figures 5.3,4,5. The underlying 
trends can be identified by drawing in a smoothed curve. This was 
generated using a locally weighted regression scatter plot smoothing 
(ICWESS) (Chambers 1983). LCWESS uses weighted least squares to fit a line 
to a set of experimental points. A fraction of the total number of points 
Cj^^elected about each successive point to be fitted. The "weight" given 
to each point is a function of its distance from the starting point, ie
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Untreated fibre 
[0]/[C 0.034
Oxidised fibre 
[0]/[C] = 0.190
Oxidised fibre 
[0]/[C] = 0.294
Figure 5.1 Variation in C(ls) peak shape at increasing 
levels of surface oxygen
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Figure 5.2 Increase in C(ls) FWHM with extent of oxidation
points further away will have proportionally less effect. A  weighted
linear least squares fit is then carried out through the points in the
selected range, and then repeated iteratively to produce the smoothed line.
Both the experimental points and the smoothed curve for each type of 
functionality are shown. Triangles enclose the data points corresponding 
to "A" treatment and squares enclose the points arising from "B" treated 
fibres. All other points correspond to AB treatments.
There is an upwards trend for all the carbon-oxygen functional groups 
signifying that the ratio of oxidised to unoxidised carbon increases with 
the level of surface treatment. The scatter for the C-0 and C=0 peaks is
greater than for the COOH peaks. There is a knee in the C=0 curve
corresponding to a [0]/[C] ratio of 0.20. Above this value the rate of 
increase of C=0 functionality decreases. This means that below 0.20 there 
are more C=0 groups than C-0, while above 0.20 there are more C-0 groups. 
Both the C-0 and COOH type groups show a roughly linear increase with the 
total level of oxygen.
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5.1.1 Atom balance calculation
The use of a carbon/oxygen atom balance (Chapter 3), will indicate the 
validity of this peak synthesis model. If the model is correct the 
calculated values will lie close to the experimental ones.
The amount of oxygen is calculated from the peak synthesis results using 
the following assumptions,
i) All carbon shifted to =+1.6 eV from the main peak arises from hydroxyl 
type functionality (C-OH rather than ethers C-O-C),
ii) all carbon shifted to =3.0 eV from the main peak is due to carbonyl 
carbons, and
iii) intensity shifted to =4.2 eV from the main peak arises from carboxylic 
acid carbons.
The atomic concentrations of the carbon peaks are then summed to give the 
amount of oxygen implied by the peak synthesis as follows :
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Implied oxygen = C-OH + C=0 + 2*COOH + k
The constant k is the result of using a C(ls) lineshape from an untreated 
BPCHI fibre for the basic carbon peak. This fibre had 3.4 atomic % surface 
oxygen and so k = 3.4 in this case. Figure 5.6 compares the [0]/[C] ratio 
calculated from the peak synthesis model with that measured experimentally. 
The agreement between the experimental measured oxygen levels and those 
calculated from the atom balance from the carbon functionality indicate 
that the use of the untreated fibre carbon peak shape is a reasonable model 
for this system and the level of each type of carbon/oxygen group given by 
the model should provide a satisfactory basis for correlations with altered 
levels of interaction.
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Figure 5.6 Comparison between experimentally determined and 
implied levels of oxygen
Figure 5.7 shows the superposition of the carbon peaks from fibres oxidised 
by A only and AB treatments with the same total level of surface oxygen.
The peak shapes are similar indicating that the carbon functionality is the 
same as far as the chemical shift of the carbon is concerned, over the
118
range studied. This implies that the method of surface treatment is not 
important in altering the carbon peak shape, as fibres treated by different 
methods with the same overall level of oxidation have similar proportions 
of each component peak.
Comparison between plant and laboratory oxidised fibres
As well as the fibres produced on the plant, peak synthesis was also 
carried out on the fibres oxidised in the laboratory treaters. C(ls) 
regions from fibres with similar overall levels of oxidation were compared. 
Figure 5.8 shows the data set of functional groups produced on the limited 
number of fibres treated with ozone by the small scale batch process. The 
absolute [0]/[C] levels extend much higher than for samples given treatment 
A on the plant. There appear to be slightly higher levels of carboxylic 
carbon after the laboratory ozone process than are produced after the AB 
process on the plant at comparable levels of [0]/[C], above 0.20 (see 
figure 5.5). However, it was shown that some of the highly oxidised 
species produced by the ozone process are lost after a mild rinse in water.
[0]/[C] - 0.135>
m
c
G)
CM
200285290295300
Binding Energy (eV)
Figure 5.7 C(ls) spectra from fibres oxidised by route A and AB
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Since the AB treated fibres have been through the electrochemical cell 
(aqueous ammonium nitrate) it is possible that similar soluble species are 
formed, which are lost into the bath. This could explain the higher level 
of carboxylic carbons on the thermally oxidised fibres (dry oxidation) 
relative to those on electrochemically oxidised fibres (wet oxidation), at 
similar high levels of surface oxidation.
The fibres oxidised by treatment A on the plant are also shown in figure 
5.8. The levels of oxidation achieved on the plant span a lower range of 
[0]/[C] values, so it is not possible to determine whether the continuous 
treatment produces significantly different functional groups than the batch 
process.
5.1.2 Limitations to the peak synthesis method
Figures 5.3 to 5.5 show definite trends in surface functionality, which are 
further supported by the good agreement between the oxygen levels
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experimentally recorded, and those calculated from the atom balance.
However they do show scatter in the range of observed functionality at a 
particular surface treatment level. This is particularly evident for the 
C-0 groups in figure 5.3. The scatter reflects uncertainties in the peak 
synthesis technique for resolving surface functionality. These 
uncertainties arise chiefly from the non-unique nature of individual 
synthesised "fits", although errors which arise from surface charging which 
will affect the peak width and statistical noise in the spectra, will have 
an effect.
Surface charging and noise can cause the width of the parent C-C/C-H peak 
to be changed in order to optimise the fit on the low binding energy side 
of the peak. Small changes have a significant effect on the adjacent C-0 
peak, contributing to the increased scatter of figure 5.3. In the computer 
peak fitting routine, it is found that equally good, but different 
solutions to the peak synthesis can be derived, depending on the starting 
point for the synthesis. The data presented in figures 5.3 to 5.5 
originate from a random array of start points and are therefore not 
weighted, illustrating the full range of scatter.
There may also be an error in the modelling routine arising from the line 
shape used for the parent C-C/C-H peak. At higher degrees of surface 
treatment the carbon structure will be less ordered. A more symmetrical 
peak shape might be more appropriate in these conditions, which would lead 
to an increase in the observed intensity of the C-0 conpDnent. Also, as 
the oxide layer gets thicker it may begin to charge independently of the 
substrate carbon causing a slight shift to higher binding energy. There 
may also be a genuine difference between the binding energy of the 
unoxidised carbon and the carbon in the oxidised layer not directly bound 
to oxygen (ie the C-C/C-H type carbon).
These difficulties can be tackled by two routes. The sinplest is by the 
acquisition of better quality data; in particular improved resolution, as 
would be obtained by using a monochroma ted X-ray source. This would allow 
clearer differentiation between the functional group types and therefore a 
more structured spectrum for the synthesis routine to fit. In addition, a 
better understanding of how carbon structure affects the peak shape in the 
absence of significant levels of surface oxidation is required.
121
5.1.3 Summary
Peak synthesis of the carbon spectrum for fibres treated on the commercial 
scale, has shown that all types of carbon-oxygen functionality (C-0, C«0 
and COOH) increase with the level of surface treatment. This is in 
agreement with other studies which show a progressive increase in the 
oxidation number of carbon as the reaction continues. Since carbon fibres 
are not pure materials, one would expect a wide range of functional groups 
to be produced, according to the different sites available for reaction. 
There appears to be a change in the relative proportions of these groups 
above a [0]/(C] ratio of = 0.20. The overall increase in functional groups 
may lead to an increase in the reactivity of the fibres with the extent of 
surface treatment, if the number of groups at the surface (as opposed to 
within the analysis depth of XPS) increases.
There is no detectable change in the distribution of functional groups 
produced on carbon fibres by different types of treatment on the plant, the 
functionality being the same if the level of oxidation is similar. This 
suggests that the method of oxidation is not important. However very few 
examples of the single stage surface treatments (either A or B) were 
available. Data from the laboratory scale oxidation of fibres by exposure 
to ozone, indicate ) that the functionality may be different to that 
produced by the electrochemical process at high levels of oxidation. Thus, 
as far as can be determined from XPS analysis, the two surface treatments 
give rise to equivalent surfaces (at the same level of surface oxidation).
The high levels of surface oxidation obtained have inplications for the 
structure of the fibre surface. Any form of "graphitic" structure will be 
highly distorted by the introduction of up to one oxygen for every three 
carbons ((0]/[C] =0.33). It is not possible to explain these levels of 
oxidation by merely adding functional groups to the edges of basal planes.
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5.2 LABELLING OF SURFACE FUNCTIONALITY.
The results from the application of the peak synthesis method quantify the 
visible differences in the C(ls) region from fibres with different levels 
of surface oxidation. However it is not possible to determine the exact 
nature of the groups giving rise to the peak intensity. This can be 
aclvAyed by the use of derivatisation methods. Solution derivatisation 
methods have been used extensively to determine the functional groups 
present on polymer surfaces (Everhart 1981, Briggs 1982, Dickie 1982, 
Collier 1987, Davis 1988, Jannakoufekis 1989). In principle all that is 
required is a chemical that contains an elemental tag ^ i c h  is not present 
on the surface to be studied, which will react specifically with a single 
type of functional group. There are however a number of complicating 
requirements. The 'tag' should have a high photo-electron cross section so 
that quantification of low concentrations is more accurate. The reaction 
should be facile, so that the damage to the surface (swelling, 
reorientation) is minimised, and the reaction should also be quantitative.
In most cases the elemental tag has been fluorine, as synthetic organo- 
fluorine chemistry is extensive, and the cross-section of the F(ls) level 
in XPS is reasonably strong. Many of the reactions are analogues of those 
used in conventional organic chemistry for the identification or protection 
of functional groups and so yields are expected to be high.
The XPS analysis of unsized, surface treated fibres confirmed the presence 
of a number of carbon oxygen functionalities. The number of functional 
groups increased with the extent of surface treatment, suggesting that the 
reactivity of the fibres surfaces would also increase. Although peak 
synthesis can indicate the approximate functional group type and its 
quantity present on the surface, it is not possible to differentiate 
between alcohol/ether groups or aldehydes/ketones and similar groups.
5.2.1 Specific reactions
The aim of the experiments in this section is to determine the amount of 
each type of functional group on the surface of the fibres as a function of 
surface treatment.
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5.2.1.1 Experimental
The reactions used were those proposed by Everhart and Reilley (1982) to 
label oxidised polyethylene surfaces. The reactions were carried out on 
two BPCHI unsized fibres, P282-1, treatment A ((0]/[C] -0.100) and P281-5 
treatment AB ([0]/[C] -0.310). The reagents for the specific 
derivatisations were supplied by Aldrich and were of the highest purity 
available.
The fibres were used as received without any pretreatment such as washing 
or drying. Approximate 10 cm lengths of tow ( = 30 mg) were tied at each 
end with platinum wire before being exposed to the derivatising solutions 
outlined below. The solutions were thermostatted in a water bath.
Reaction with carboxylic acids and hydroxyls - 1.
Reaction of trifluoroacetic anhydride (TFAA). Carbon fibre sample added to 
a solution of ImL TFAA and ImL pyridine in 15 mL toluene and reacted for 
1.5 hours at 25°C. The sample was washed with toluene and Soxhlet 
extracted for 15 hours with ethyl ether.
Reaction with carboxylic acids - 2.
Coupling 2,2,2-Trifluoroethanol (TFE) with dicyclohexylcarbodiimide (DCC). 
Carbon fibre sample reacted with a solution containing 0.5 mL TFE, 1 mL 
pyridine and 200 mg of DCC in 15 mL of dichloromethane for 15 hours at 
25°C. The sample was then washed with anhydrous ethyl ether and Soxhlet 
extracted for 15 hours with ethyl ether.
Reaction with carbonyl groups - 3.
Reaction of (pentafluorophenyl)hydrazine (PFPH). Carbon fibre sample 
reacted with a solution of 150 mg of PFPH and one drop of con° HCl in 15 mL 
of 95% ethanol at 25°C for 2 hours.
Reaction with amine functions - 4.
Formation of Schiff base with penta fluorobenzaldéhyde (PFB)- Carbon fibre 
sample was reacted with a O.lM solution of PFB in pentane for 2 hours at 
35-40° C. The sample was then washed with pentane and Soxhlet extracted 
with pentane (35°C) for 15 hrs.
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5.2.1.2 Results
The expected reactions and the reaction products are detailed below:
Surface Functional Reagent Product
Group
1) - CO2H (CF3C0)20 -COOCOCF3
- OH -O2CCF3
2) - CO2H CF3CH2OH/ -CO2CH2CF3
CgHiiNCNCgHii
3) - C=0 C6F5NHNH2 -C=NNHCgF5
4) - NH2 CgFsCHO —N=CH—Cg F5
If any of the listed groups are present on the fibres surfaces, a quant­
itative reaction with the fluorinated probe is expected. The level of 
reaction can be assessed by subsequent XPS analysis of the fibre saitple to 
determine the level of fluorine. This can then be converted into the 
number of active groups present on the surface by division by the appro­
priate number of fluorine atoms per reacted group (3 or 5 depending on the 
reaction), The XPS analyses of the fibre surfaces before and after 
reaction are given in table 5.1. The data <\(t presented as ratios to 
carbon, and the number of active groups has been calculated. The peak 
synthesis data for these two fibres before reaction afd given in table 5.2 
with the active group data.
Table 5.1 Surface analysis of derivatised fibre surfaces
a) P282-1
None TFAA
Reaction
TFE PFHH PFB
Labelled
group -OH -COOH -C=0 —NH2
Element
Carbon 1.00 1.00 1.00 1.00 1.00
Oxygen 0.102 0.113 0.146 0.115 0.153
Nitrogen 0.017 0.017 0.024 0.025 0.014
Fluorine - 0.009 0.001 0.015 0.037
Active
groups 0.003 0 0.003 0.008
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b) P281-5
Reaction
None TFAA TFE PFHH PFB
Labelled
group - -OH -COOH —c=o -NHz
Element
Carbon 1.00 1.00 1,00 1.00 1.00
Oxygen 0.312 0.344 0.237 0.320 0.288
Nitrogen 0.027 0.027 0.028 0.027 0.021
Fluorine - 0.009 0.009 0.044 0.014
Active
groups 0.003 0.003 0.009 0.003
The presence of fluorine indicates reaction and therefore the presence of 
the functional group in question. The relative number of active sites can 
be estimated from the proportion of fluorine in the derivatising agent, ie 
PFB contains five fluorine atoms, TFE three fluorine atoms. These figures 
are also given in the tables. The difference in the level of fluorine for 
reaction 1 and 2 should give a measure of the hydroxyl and carboxylic 
hydroxyl (and phenolic) functions.
Table 5,1.2 Peak synthesis results for P282-1 and P281-5 wi'
Functionality P282-1 P281-5
Ratio to Active Ratio to Activt
carbon sites carbon sites
C-H 1.00 1.00
C-O/C-N 0.016 0.012 0.084 0.006
C=0 0.016 0.003 0.051 0.009
COOH 0.016 —- 0.093 0.003
Sample P282-1
The most active groups on the surface of these fibres appear to be amine 
groups, with as many active sites as the other functional group types put 
together. There are apparently no active carboxylic groups on the surface, 
and similar concentrations of hydroxyl and carbonyl groups.
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Sample P281-5
The distribution of active functional groups is entirely different on these 
fibres. The total level of hydroxyl functionality has remained constant, 
and equal to the the level of carboxylic acid functionality, suggesting 
that all the -OH groups are acidic. The level of active amine groups has 
fallen by a factor of three. The predominant group is the carbonyl group.
5.2.1.3 Discussion
The total number of active sites on the two fibre surfaces has remained 
constant, even through the types of active groups have changed, see table 
5.2. The results are rather disappointing given the large difference in 
the extent of surface oxidation between the two fibres.
The low level of reaction can be explained in a number of ways. The 
results could show a true representation of the number of functional groups 
on the surface. The additional functionality indicated by the carbon peak 
shape has then to be assigned to unreactive groups with similar chemical 
shifts (ethers instead of hydroxyl groups etc) or to groups which are 
buried in the material and therefore unaccessible to the derivatisation 
agents. The inportance of steric factors and solvent effects should not be 
underestimated, as many of the coitpounds are large and therefore reaction 
may be prevented by steric hindrance. Thus interactions with surface 
groups could be restricted by the size of the reagents, and if reaction 
does proceed, reaction at nearby sites could be prevented. Gas phase 
reactions could overcome some of these problems and reduce surface damage 
or reorientation that long exposures to the solvents may produce (Pochan 
1986, Gerenser 1985).
5.2.2 Reactivity of the fibre surface
It is possible to quantify the changes in functionality arising from 
surface treatment, but it is more difficult to determine the exact chemical 
nature of these groups. However, although it would be interesting to be 
able to determine the exact quantity of each different functional group, 
and how the distribution was affected by changes in the surface treatment 
process, the most important factor remains their combined effect on the 
mechanical properties of the composite. To this end it is more relevant to 
know how the increase in the number of functional groups detected by XPS
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was actually related to an increase in the number of active groups 
available for chemical reaction, and therefore a possible increase in the 
adhesive strength of the fibre matrix interface. Since the majority of 
carbon fibres are used with epoxy resins, the reactivity of the surfaces to 
the epoxy function (C - C), and the amine group (a common curing agent) was 
of immediate interest. A mono-functional epoxide and amine were used so 
that there was no possibility of polymerisation of the reagent. Small 
molecules were used to reduce any chances of physisorbed material remaining 
on the fibre surfaces (evaporation in the vacuum system). This will also 
reduce steric hindrance with the surface groups. Reaction was carried out 
by exposing the surface oxidised fibre surfaces to dilute solutions of 
fluorinated epoxy and amine compounds, and analysing the surfaces by XPS to 
quantify the amount of fluorine.
The strength of interaction between the fibre surfaces and epoxy groups was 
also investigated by "desizing" experiments carried out on fibres which 
were available in an unsized and sized form. Different solvents were used 
in an attenpt to "desize" the fibres, the success of each procedure being 
determined by subsequent XPS analysis, and comparison with the unsized 
standard.
5.2.2.1 Experimental
The reagents used were epifluorohydrin (EFH) and trifluoroethylamine 
(TFEA), supplied by Fluorochem Ltd. Purity was assessed by HPLC and found 
to be > 95% for both compounds.
Variations (10-20%) have been found in the levels of oxygen and nitrogen on 
different sections of tow. To overcome this inherent variation, 10 cm 
lengths of tow were split along their length so that similar portions could 
be analysed before and after reaction. One half of the tow was placed in
0.05 molar solutions of epifluorohydrin or trifluoro-ethylamine in toluene. 
Fibres were exposed to the solutions at temperatures between 25 and 111° C 
for between 0.5 and 2 hours. For reactions carried out below 100°C the 
solutions were thermo-statted in a water bath. Above 100°C, the reagent 
flasks were heated in an electromantle. After reaction the tows were 
rinsed thoroughly with toluene, blotted on tissue to remove excess solvent 
and allowed to air dry before analysis by XPS.
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Control sanples were also produced which had experienced the same 
experimental conditions except the epoxy/amine reagent was not added. This 
was to check that the toluene itself did not affect the fibre surface.
5.2.2.2 Results
Refluxing in toluene had little or no effect on the elemental conposition 
of the fibres surfaces.
The extent of reaction of both reagents was monitored as a function of 
reaction temperature and duration for one fibre lot, P301-9, which had been 
given a commercial AB surface treatment. The extent of reaction is 
measured by the level of fluorine on the fibres.
Figures 5.9 and 5.10 show a plot of [F]/(C] against experimental 
temperature to show the approximate reactivity of the fibre to these 
reagents. The extent of fluorine incorporation increases with the reaction 
temperature. It also increases with the duration of the experiment. The 
maximum level of reaction was reached when the reaction was carried out at 
for two hours at the boiling point of toluene (111°C) or for eighteen hours 
at 80°C.
In addition to the experiments carried out on fibre lot P301-9, a series of 
fibres which had experienced different surface treatments were exposed to 
the epoxy and amine solutions. The fibres had been oxidised on the 
commercial scale by three routes, namely A, B and AB, to produce different 
levels of surface oxygen. The experiments were carried out under the 
experimental conditions that had produced the maximum level of reaction 
with the P301-9 fibres, namely 111°C for two hours. The extent of reaction 
(active sites) on these fibres is calculated from the level of fluorine - 
three fluorines for each reacted amine and one for each epoxide.
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The results from these experiments are shown graphically in figure 5.11 
where the extent of reaction is plotted against the initial [0]/[C] of the 
fibres. The levels of fluorine detected on the fibres exposed to amine 
have been normalised (ie divided by three) so that a direct comparison 
between the levels of reaction with the two probes can be made. There are 
two main points to notice. The first is that the level of reaction 
increases almost linearly with the level of surface oxidation. This means 
that the oxidation over this range is producing more active sites, in 
addition to any increase in the thickness of the oxidised layer. There 
does not appear to be a strong dependence on the oxidation route, although 
the number of samples is very limited. The second point is that the levels 
of reaction with the epoxy and the amine are very similar, at all levels of 
surface oxidation.
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B  Figures for reaction of EFH 
A  Figures for reaction with TFEA
(normalised to one fluorine |ler molecule
Figure 5.11 Reaction of fluorinated probes with fibres with 
increasing levels of surface oxygen
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It is possible to calculate an approximate thickness of the reacted layer 
from the signals obtained from the fibre surface and the fluorine in the 
reagent. The method is shown in appendix B and is adapted from that used 
by Walters son (Waltersson 1985). The EFH and TFEA molecules are expected 
to react through the epoxy ring and amine group respectively, the remainder 
of the molecule lying "flat" on the fibre surface. Both compounds are 
similar in size so that a monolayer would be equivalent to a thickness of 
around 4A. The escape depths for the C(ls) electrons from the fibre and 
the reagents are assumed to be similar. The escape depth for the F(ls) 
electrons will be shorter, due to its lower kinetic energy, but is assumed 
to be the same as the C(ls) electrons for ease of calculation. The 
calculated monolayer thicknesses are given in table 5.4.
Table 5.4 Thickness of reacted layer (EFH = 4Â, TFEA = 4A)
Fibre [0]/[C] Surface Depth/Â Depth/Â
treatment EFH TFEA
P338-1 0.09 B 0.8 1.0
P336-2 0.13 AB 1.2 1.4
P338-2 0.14 B 1.1 1.4
P301-3 0.14 A 0.7 1.4
P301-9 0.16 AB 2.0 1.8
P301-8 0.19 B 1.4 2.4
P336-3 0.20 AB 2.2 2.6
P301-12 0.29 AB 3.5 3.1
P333 0.35 AB 4.1 4.0
5.2.2.3 Discussion
The reaction with both TFEA and EFH appears to go to completion with the 
reaction conditions of 110®C for two hours, but not at lower temperatures 
even with very long reaction times. This could be due to some of the 
reactions having a higher activation energy. Alternatively, it could be an 
effect caused by surface contamination blocking the active sites on the 
fibre surfaces, which has to be removed/solubilised before reaction can 
take place. This may also explain the low level of reaction with the 
derivatising agents, since the temperatures used were much lower and so the 
contaminants may not have been removed. Evidence for this proposal will be 
presented in Chapter 6 . High levels of surface oxidation are required to 
achieve "monolayer" coverage, which suggests that the interaction is 
chemical rather than physical adsorption.
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In order to assess the reactions occurring between the probes and the 
fibres, it is necessary to know what functional groups exist on the fibre 
surface. Information from the C(ls) peak synthesis is used, although as 
has been mentioned, the assignments are not unambiguous and the accuracy of 
the quantitative results will be dependent on the model used.
The variation of carbon/oxygen functionalities on the fibres prior to 
reaction, against the level of surface oxygen, are shown in figure 5.12.
The values of each functional group type are expressed as percentages of 
the total carbon. All functional groups tend to increase with the total 
level of oxygen. This makes it impossible to identify which group is 
responsible for the increased reactivity of the surfaces as the extent of 
oxidation is increased.
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Figure 5.12 Functionality of fibies used in reactivity work
By reference to conventional organic chemistry possible reactions between 
the probes and the surface functionalities can be identified. The amine 
group will react with electrophilic carbons on the fibre surfaces.
Carbonyl carbons will react to give imines, but require acid catalysts.
Carboxylic acids and their derivatives react to form amides. This reaction
is facilitated by having a good leaving group, for the reaction to proceed 
with the acid itself requires strong heating or the presence of a coupling
agent. Examples are shown in figure 5.13a.
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a) Possible reactions with amines
C=0 + NH2-CH2-CF3  >  f— CH=N-CH2 -CF3
NH2-CH2 -CF3  > ^  C(0 )-NH-CH2-CF3
b) Possible reactions with epoxies
NH,
OH
NH-CHo-ÙH-CH,F
OH +
OH
COOH + CH2-CH-CH2F ------ >  j^C ( 0 )-0CH2-6 i-CH2F
OH
O-CH2-CH-CH2F
Figure 5.13 Chemical coupling between fibre functionality and 
a) Trifluoroethyl amine, b) Epifluorohydrin
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The reactions of the epoxy group consist of ring opening reactions which 
can be acid or base catalysed. Exairples are estérification (reaction with 
carboxylic acids), reaction with amine functions and ether formation 
(reaction with hydroxyl groups)(see figure 5.13b).
The total number of groups reacting with either monofunctional amine or 
epoxy is lower than the amount of oxidised carbon as detected by XPS, as 
was found with the specific derivatising reagents. This is not entirely 
unexpected as although XPS is a surface sensitive technique it samples a 
depth of around 3 - 4 nm. Thus many of the functional groups will not be 
accessible to the probe coitpounds. In addition to the "buried" 
functionality, not all the surface groups will be reactive to epoxies and 
amines, either because of their chemistry, or steric effects. These 
experiments therefore show the maximum level of reaction that could be 
expected with conventional epoxy resin matrices at various levels of 
surface oxidation. Monolayer reaction can be achieved, but only at very 
high levels of surface oxidation, far in excess of levels used on 
commercial fibres.
5.2.2.4 Limitations of the study
This study has demonstrated a definite trend of increased functionality and 
chemical reactivity as the level of surface treatment is raised. However a 
number of limitations are evident which affect the interpretation as 
outlined below.
Confirmation of the detailed trends suggested by this study and the 
identification of changes in reactivity which can be correlated with 
different surface treatments would require analysis of a larger number of 
samples to ensure that the fibres selected were representative.
The techniques used require that there is a unique elemental label in the 
probe conpound. In order to detect low levels of reaction it is preferable 
to have a high level of the label element in the molecule. This 
requirement must be balanced against the chance of affecting the reactivity 
of the probe (eg inductive effects) which will be strongest for small 
molecules were the functional groups of interest are close to the fluorine 
atoms.
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The experimental method relies on the probe molecule reacting irreversibly 
with a functional group on the surface of the fibre, and so it is not 
possible to determine the effect of weaker interactions, or kinetic 
effects. These should not be ignored, as they could be as iirçxjrtant as 
covalent bonding in determining the level of interaction between fibre 
surfaces and resins. The development of techniques such as inverse phase 
gas chromatography, IGC (Lloyd 1989), for specific interactions, in 
conjunction with XPS studies on the fibres, would increase the 
understanding of the chemical interactions between fibre and resin.
5.2.2.5 Conclusions
Amine and epoxy compounds react irreversibly on the fibres. Monolayer 
coverages can be obtained under aggressive conditions on fibres with a high 
level of surface oxidation. The level of reaction increases with the level 
of surface oxygen. The increase in reactivity indicates that raising the 
degree of surface treatment not only increases the thickness of the 
oxidised material, but also increases the number of active sites on the 
outermost surface. The number of amine and epoxy active sites *is 
comparable. The increased reactivity of the fibre surface could have a 
number of effects on the composite performance. On the sinplest level, the 
strength of the interface may be expected to improve (as the number of 
chemical bonds between the fibre and resin increase). However there may be 
competing effects, such as preferential reaction of the amine curing agent, 
idiich could lead to changes in the mechanical response of the matrix near 
the fibre.
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5.2.3 Desizing experiments
The following experiments were undertaken to determine v^ether the 
irreversible reactions which were observed with the monofunctional 
fluorinated conpounds in the previous section also occurred under 
commercial conditions with the epoxy in the size.
Industrially produced carbon fibres are normally coated with an epoxy size 
after the surface treatment. BPCHI fibres are coated with an proprietary 
epoxy based formulation from an aqueous emulsion. The epoxy makes up about 
1% of the total sized fibre weight, forming a layer =40 nm thick. The 
major reason for the application of a size is to iirprove fibre handling, 
though it may also protect the surface treated layer and improve resin 
we tout. The role of the size in the final conposite, whether it remains 
near the fibre or disperses into the bulk, is still open to question.
5.2.3.1 Experimental
Six solvents considered to be potential de-sizing agents were used. The 
solvents were selected because they are potential solvents for the size.
The solvents were:
1. Tetrahydrofuran (THF)
2. Toluene
3. Dichlorome thane
4. Methanol
5. Butanone (MEK)
6. Dimethyl formamide (DMF)
The effect of the solvents on both unsized and sized fibres was 
investigated. The fibres used were P267-1 and P281-5 (unsized) and P267-2 
and P281-1 (sized equivalents).
The fibre tow was cut into =15cm lengths which were tied at each end with 
platinum wire to prevent matting during reflux. Each fibre sample was then 
placed in a thimble and Soxhlet extracted with the various solvents for up 
to 18 hours. After reflux the fibres were removed from the thimble, 
drained of excess solvent and air dried before XPS analysis.
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5.2.3.2 Results
The elemental compositions of the fibres before and after the refluxes are 
given in table 5.5. Both P281-5 and P267-1 had experienced AB treatment to 
a high level of surface oxygen. The unsized fibres had higher levels of 
oxygen and nitrogen than the sized fibres (the spectra from \diich were 
entirely due to the size coating). Hence an increase in the amount of 
oxygen and nitrogen is to be expected if size removal is achieved to any 
extent. This is indeed the effect of the solvent extractions, oxygen to 
carbon ratios increasing from 0.27 to between 0.31 and 0.32 for all 
treatments save DMF. This solvent led to anomalous results and will be 
treated separately. A  comparison of the C(ls) peaks before and after 
extraction clearly shows that the epoxy size has been removed, and that 
signal is being collected from the underlying fibre surface. Figures 5.14 
a, b and c show the very different carbon Is profiles from the unsized, 
sized and desized (butanone) fibres.
Table 5.5 Elemental conposition of fibres
Fibre Solvent Carbon Oxygen Nitrogen
P281-5 (unsized) - 1.00 0.29 0.017
P281-5 (sized) - 1.00 0.26 0.004
P281-5 (desized) DMF 1.00 0.26 0.038
P267-1 (unsized) — 1.00 0.35 0.015
P267-2 (sized) - 1.00 0.27 0.002
P267-2 (desized) THF 1.00 0.32 0.008
P267-2 (desized) Toluene 1.00 0.32 0.013
P267-2 (desized) DCM 1.00 0.32 0.008
P267-2 (desized) Methanol 1.00 0.31 0.007
P267-2 (desized) MEK 1.00 0.31 0.008
In the case of sized fibres, all the carbon signal arises from the 
(relatively) thick epoxy layer, with almost equal intensities from 
hydrocarbon type carbon (C-C,CH) and carbon singly bonded to oxygen (C-0). 
The shake-up peak due to the aromatic character of the resin is also 
clearly present. For the unsized fibres the characteristics of the highly 
oxidised fibre surface and the underlying carbon structure are observed.
The desized fibres show features from both spectra, indicating that most of
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a) unsized P267-1
b) sized P267-2
c) desized P267-2
2 9 5 2 9 0  2 8 5
Binding Energy (eV)
2 8 0
Figure 5,14 C(ls) regions from a) unsized treated fibres, 
b) sized fibres and c) desized fibres
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the size has been removed, (since the total analysis depth of XPS is only 
of the order of 3-4 nm) but the solvent extraction has not been totally 
effective. Similar spectra were obtained from all the solvents, except 
DMF. The control unsized fibres which were refluxed for similar times as 
the sized fibres showed no significant changes in elemental quantification 
or carbon peak shape.
DMF appeared to react with the fibre surfaces in addition to dissolving the 
size. This basic solvent also attacked the surface treated layer itself, 
as determined by the extract turning brown (for both unsized and sized 
saitples). .
Examination of the survey spectra showed that the fibres became contam­
inated with inorganic ions after some solvent extractions. For example an 
unsized fibre re fluxed for 3 hours with methanol had a total of nearly 2
atomic % of inpurities (such as sodium, chlorine and calcium). This
compares with an as received unsized fibre v4iich had less than 0.1 at% of
these elements. The solvent used had some effect on the level and type of
impurity, and the unsized fibres were affected more than the sized 
analogues. These ions are probably extracted from the glassware or thimble 
and then adsorbed onto the fibre. With a sized fibre these inpurities 
would be lost as the epoxy is dissolved.
5.2.3.3 Conclusions
It was not possible to remove all the size from highly oxidised fibre 
surfaces. This could be a result of direct chemical bonds formed between 
the epoxy group and the carbon/oxygen functionality of the fibre surface. 
However this result is less clear cut than the reactions with the 
fluorinated molecules because there is the possibilty of self polymer­
isation in this case. The high temperatures required to remove the 
majority of the size could also promote further reaction, causing reactions 
to occur between the fibre and epoxy as a result of the extraction.
DMF damages/interacts strongly with the surface treated layers on the 
fibres. This suggests that on highly surface treated fibres the oxidised 
layer is not mechanically strong and is acidic in nature.
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5.3 GENERAL DISCUSSION
The aim of the work reported in this chapter was to determine the type and 
number of functional groups on the fibre surfaces after surface oxidation, 
and to determine their reactivity. Peak synthesis routines have been 
demonstrated to provide a valid, experimentally sinple method for 
quantifying the amount and type of carbon-oxygen functionality produced by 
different surface treatments. They can also be used to coitpare the 
relative effects of different methods of oxidation. The proportion of each 
type of functionality is independent of the method of surface treatment 
until very high oxygen levels are reached. These variations may be due to 
the handling of the fibres rather than differences in the oxidation 
products, since much of the carboxylic functionality produced after thermal 
oxidation can be removed by a short exposure to water.
Direct chemical reactions with the fibre surface were attenpted both to 
identify particular functional groups, and to quantify the number of groups 
reactive to model resin components. In order to be able to carry out these 
reactions, the functional groups in the fibres must be on the surface, and 
relatively unhindered. Groups below the outer surface, or "buried" in 
pores are unlikely to react, and will therefore not be labelled. However 
they will be detected by XPS.
The level of reaction with the specific derivatisation reagents was low, as 
was the level of reaction with epoxy and amine conpounds at low 
tenperatures. Some of the groups will be sterically hindered or 
essentially buried in the surface, but this does not explain the increase 
in reaction with the model resin conponents when the reaction temperature 
was raised. This can be explained by most of the reactions having a higher 
activation energy. Alternatively the fibre surfaces could be contaminated, 
and higher temperatures are required to clean the surface, enabling further 
reaction.
The adsorption experiments show that chemical reaction between epoxy/amine 
functions and oxidised fibre surfaces can occur and that these increase in 
extent with the degree of surface treatment. This confirms that the number 
of reactive groups on the surface increases with surface oxidation. It 
also suggests that the degree of oxidation of the fibre is graduated with 
depth. These results are consistent with the chemical bonding explanation 
for increased interfacial strength after surface treatment. However, other
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factors such as improved wetting and the removal of a weak boundary layer 
cannot be ruled out on this evidence alone.
A consequence of reaction between the fibre surface and the epoxy groups in 
the size would be a thin layer of size remaining at the fibre/matrix 
interface ^ e n  the composite is produced. Since the size applied to the 
fibres may be a simple epoxy without a curing agent, rather than the 
complex matrix formulation, this layer could have different, and perhaps 
undesirable, mechanical properties to that of the fully cured matrix (Drzal 
1983, Cazeneuve 1990). However if the size itself does not react with the 
fibre and is displaced by the resin during prepregging and manufacture, the 
reactivity of the surface groups could lead to selective adsorption from 
the matrix resin formulation. This would alter the degree of cure around 
the fibres and therefore the mechanical response of the composite. Since 
the number of active sites increases with the level of functionality on the 
surface, these effects may only be observed above certain levels of surface 
treatment.
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CHAPTER 6
6. PHYSICAL CHARACTERISTICS OF CARBON FIBRES
XPS has been used in the preceding chapters to determine the chemistry of 
the fibre surfaces, and their reactivity as a function of surface 
treatment. This has shown that the level of surface oxidation increases 
with the extent of surface treatment, and reactions can occur between 
surface functional groups and epoxies and amines, so chemical bonding could 
play a role in the adhesion of the fibre to the matrix.
However the oxidation that gives rise to the surface functional groups 
could also etch the fibre surface, increasing the surface area, and 
developing morphology. Standard XPS experiments give no indication of 
these aspects of the fibre surfaces, or how they alter with surface 
treatment. This chapter deals with methods investigated as potential ways 
to obtain this necessary additional information.
There are three themes to this chapter. The first deals with the 
morphology of the fibre surfaces, as determined by results from gas 
adsorption experiments (BET) and electron microscopies. The thickness of 
the oxidised region is investigated in the second, Wiile the third covers 
the work concerned with the homogeneity of surface treatment along a single 
filament.
6,1 SURFACE MORPHOLOGY AND SURFACE AREA
Increasing the surface area has been proposed as a method of improving 
adhesion by increasing the number of interactions between substrate and 
adhesive and by mechanical interlocking between the substrate and adhesive. 
This has been exploited for metal pretreatments where high surface area 
oxides are grown on the metal surfaces by the use of various oxidising 
etches (Brewis 1985), the high surface area leading to a larger area of 
interfacial contact and the formation of more bonds. For carbon fibres, 
silicon carbide whiskering increased the surface area and the measured ILSS 
of composites without any loss in strength of the fibres (Goan 1969). 
Commercial carbon fibre treatments have not been developed with the 
mechanical interlocking mechanism in mind, and usually do not result in
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a) UNTREATED FIBRES
%
b) AB TREATED FIBRES
Figure 6.1 LOW MAGNIFICATION SEMS OF a) UNTREATED AND b) AB TREATED 
CARBON FIBRES
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a) UNTREATED FIBRES
b) AB TREATED FIBRES
FIGURE 6.2 HIGHER RESOLUTION SEMS OF a) UNTREATED AND b) AB TREATED 
FIBRES
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large increases in surface area (Robinson 1986).
Low magnification secondary electron micrographs (SEMs) of the fibres 
before and after surface treatment show that the fibres have a regular, 
circular cross-section (6/ym diameter), and appear smooth. Exairples are 
given in figures 6.1 a and b for untreated fibres (P292-6, [0]/[C] = 0.03) 
and AB treated (P301-12 [0]/[C] = 0.29). Higher resolution micrographs of 
the same fibres show the presence of ridges running along the length of the 
fibres, (figures 6.2 a and b) which survive the surface treatment 
processes. There is no indication of corrosion pits or gross fibre damage 
as the result of the fibre surface treatment.
Scanning tunnelling microscopy was used to produce representations of the 
fibres surfaces at higher magnifications. Under ideal conditions on 
conducting sauries, such as found on graphite single crystals, STM is 
capable of producing images with atomic resolution. IM carbon fibres are 
far from ideal, being macroscopically rough, (cylinders rather than a 
planar sample), and microscopically heterogeneous (structure is not 
graphitic). There is the additional consideration that the surface 
oxidation will almost certainly change the conductivity of the surface from 
that of the unoxidised regions. This will cause the tunnelling current to 
change (probably to fall) even if the surface is flat. Under conditions of 
constant current, this would cause the tip to move towards the sample 
surface, apparently recording topography where none existed.
A small number of fibres were selected and sent to the BP Research Centre 
in Warrensville, Cleveland, USA v^ere they were analysed by Dr G Pruett and 
Dr G Parkinson on a Digital Instruments NanoScope STM operated in constant 
current mode. Since time on the instrument was limited only one set of 
fibres resulting from each type of surface treatment (none, A, B, AB and 
detreated) were studied and no follow u d  experiments were undertaken.
Images were obtained at a low magnification to locate the tip in the top of 
the fibre. These images show the fibre curvature (x-axis 2 j m ) , where as 
the higher magnification images are from the top of the fibres (x-axis 500 
nm). The curvature shown on the low magnification images implies a 
diameter of <4/ym, whereas the fibres have diameters around S /m  
(manufacturers data corroborated by SEM and wetting experiments). This 
could be a result of tunnelling from the side of the tip as it moves across 
the curved surface of the fibre. The z axis is expanded with respect to the
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Figure 6.3 SIM images from an untreated carbon fibre
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x-y scales.
The image of the untreated fibre (P292-6), figure 6.3 a shows a gently 
undulating surface, with longitudinal features of the order of 2-500 nm 
wide. At the higher magnification further surface undulations are apparent 
(50-100 nm), figure 6.3b. There is no change in the apparent surface
topography after treatment A (P301-2) ([0]/[C] = 0.1), figure 6.4 a and b.
Higher levels of oxidation obtained from application of the electrolytic 
surface treatment, B, [0]/[C] = 0.2 (P301-8), generate some roughness, with 
a peak to trough height of around 10 nm, figure 6.5a. The longitudinal 
features are less obvious after this level of oxidation. The last image in 
this series is from a heavily oxidised fibre, P301-12, AB treatment, figure 
6 .6 . There is no low magnification image available for this fibre. The 
higher magnification image shows an apparently heavily etched surface, the
peak to trough height increasing 10 fold, to 100 nm.
This roughness would lead to an increase in the surface area of the fibre. 
The roughness is modelled by square based pyramids, of height 100 nm and 
base 50 nm (i^pendix C). This leads to an increase in surface area over 
the smooth surface of a factor of four. The actual increase will vary 
depending on the true shape of the developing topography.
In addition to the surface oxidised fibres, STM was also used to image the 
surfaces of fibres (P301-12) which had been subsequently "detreated" by 
heating to >900°C under nitrogen, reducing the oxygen level to <0.02 
(figure 6.7). The low magnification representation shows longitudinal 
ridges around 10-20 nm in height, separated by flat areas approximately 100 
nm wide. The higher magnification image is of one of these extended flat 
areas. The surface is essentially featureless at this level, giving no 
indication of the roughness shown before the thermal detreatment.
The calculated geometric surface area, for a smooth fibre with a 6.2 fjm  
diameter, is 0.38 m^g“^. The surface areas of a number of BPCHI fibres 
were measured by a flow nitrogen adsorption technique by MCA Services Ltd 
after a gentle two hour degassing under nitrogen at 110°C. These 
conditions were chosen as they had been shown to generate little porosity 
in previous investigations of carbon fibres. The surface area results are 
given in table 6 .1 , and shown graphically in figure 6 .8 .
The value obtained from the nitrogen isotherm for the untreated fibre is
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Figure 6.4 STM images from an "A" treated carbon fibre
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Figure 6.5 STM images from a "B" treated carbon fibre
151
400
Figure 6.6 STM image from an "AB" treated carbon fibre
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Figure 6.7 STM images from "detreated" carbon fibre
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Figure 6.8 Variation of surface area with increasing 
surface oxidation
Table 6.1 Fibre surface areas by BET
Fibre Surface
treatment type
[0]/[C] BET surface 
area m^/g
P292-6 0.038 0.36
P282-1 A 0.099 0.36
P301-6 A 0.114 0.42
P301-2 A 0.118 0.43
P301-8 B 0.189 0.44
P287-1 AB 0.203 0.36
P301-9 AB 0.208 0.42
P301-12 AB 0.282 0.48
P267-1 AB 0.320 0.41 *(0
P281-5 AB 0.322 0.41
very close to the calculated geometric area, as would be expected from the 
electron microscopy results. However, although most of the other fibres 
had slightly larger surface areas (up to 0.48 m^/g, = 25% increase), two 
had areas similar or lower than the untreated case. Some of this variation 
may be associated with batch to batch variations in the PAN precursor, as 
ignoring any possible contribution from surface treatments, the variation 
within one lot (P301 series) is much less.
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A more aggressive de-gassing regime (300°C under vacuum overnight) led to a 
doubling of the measured BET surface area for the fibre P267-1. However a 
two hour heat treatment at 300° C under nitrogen produced a drop in the 
recorded oxygen signal (by subsequent XPS) from 22.7 to 13.9 atomic %, a 
fall of ovei/4 ^ .  The drop in the oxygen level was accompanied by an 
decrease in the intensity to the high binding energy side of the C(ls) 
peak, so that at least a portion of the drop can be associated with the 
loss of carbon-oxygen functional groups, rather than adsorbed water. It is 
therefore likely that even this relatively gentle degassing has led to the 
decomposition of some of the surface groups, and the two surface areas 
relate to different materials. However a portion of the increase is 
probably due to the unblocking of pores in the sample, access to which is 
initially restricted by strongly adsorbed gases, oxidised carbon functional 
groups or atmospheric contamination. The presence of a low energy 
"contaminant" is indicated by the wetting studies reported in the following 
sections.
The gas adsorption results suggest that the oxidative surface treatment 
does not significantly roughen the fibres surfaces. These results 
apparently contradict the results obtained from the STM. However a number 
of points should be noted when comparing these results. The STM image is 
dependent on the sample surface being electrically conducting. On the 
highly treated fibres it is possible that there at least some areas have a 
thick oxidised layer so that conduction is not possible. As the tip 
scanned over such a region, it would move toward the sample surface in an 
attempt to maintain the tunnelling current, eventually ploughing into the 
sample surface. However if these regions are small it is possible that the 
microscope tip does not have time to respond fully to the loss of current 
before it has scanned to a conducting region. This could explain some of 
the "roughness" at the higher treatment levels.
Additionally, the areas actually imaged by the STM are minute compared with 
the amount of sample used in the BET experiment (around 1 m of 6K tow). On 
the highly treated fibres the tunnelling current will only be stable in 
regions with a thin oxide, so images will only be obtained from these self­
selected areas. It is therefore possible that the small selection of areas 
examined with the STM were not characteristic of the bulk of the material. 
The question of the thickness of such a non-conducting phase will be 
considered in detail in the next section.
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The untreated and detreated fibres have less than monolayer quantities of 
oxygen, so variations in conductivity are not expected to be large. This 
means that the STM images from these fibres are more likely to reflect the 
true topography. The surfaces of the untreated and detreated fibres are 
different, as a result of the loss of material from the fibre surfaces (as 
CO2 and CO etc). This is apparently leading to two regions on the 
detreated fibres, the sharp longitudinal ridges and the smoothed flat 
areas.
Pore volumes
The low surface areas of the fibres makes the application of conventional 
pore size determinations inappropriate (Jones L F 1989). The isotherms 
were of type 2, indicating that there was no mesoporosity (2-50 nm) in the 
sanples. The micropore (<2 nm) volume was calculated for the fibre samples 
by the use of a comparison plot technique (Robinson 1985 and Harvey 1988). 
This consists of plotting the data for each sample against a non-porous 
standard with a chemically similar surface. A straight line plot with 
intercept through the origin would indicate that the isotherms were of 
similar shape and there was no porosity in the sample. The micropore 
volume (if any existed) would be shown by a positive intercept. Two 
"standards" were used namely a type 2 fibre and the untreated BPCHI sample 
(P292-6). These were chosen as the type 2 fibre had been used successfully 
in previous studies on Courtaulds carbon fibres (Harvey 1988), and it was 
expected that the untreated fibre in the current series would be the least 
porous of the BPCHI fibres. The pore volumes obtained were very small, 
between 5-50 x 10~® cm^gr^. This is in agreement with the values obtained 
by other authors (Rand 1977 and Denison 1988) who obtained volumes in the 
range 2 to 13 x 10“^cm^. There was no clear trend with oxidation. In 
addition some of the comparison plots were curved. This indicates that the 
shape of the isotherms from the "standard" materials differs from the 
surface treated fibres.
6.1.1 Summary
Large scale surface features are initially retained after surface 
treatment. This suggests that if etching is occurring it is on a very 
small scale. The limited STM investigation of the fibres have shown that 
roughness appears to develop as a function of increasing surface oxygen.
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The BET surface area measurements are close to the geometric surface area, 
and do not increase significantly with surface treatment. This apparent 
contradiction could be explained by the the features imaged by the STM 
being pre-selected by the requirements of a conducting surface and 
therefore being uncharacteristic of the "bulk" of the surface.
Alternatively they could arise from conductivity changes as a result of the 
oxidation. Further work would need to be carried out to fully interpret 
the STM results. The application of atomic force mictroscopy (AFM), which 
measures the force exerted on the microscope tip by the sample surface, 
rather than the magnitude of a tunnelling current could be of use in 
differentiating between surface topography and changes in conductivity.
The surfaces of "detreated" fibres have regions which are rougher than the 
untreated fibres, and regions which are smoother. The increased scale of 
the features which exist may explain the retention in interfacial shear 
strength reported by some authors.
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6.2 OXIDE THICKNESS CHARACTERISATION
In order for any kind of fibre surface treatment to lead to improved 
composite properties, it is necessary that the modified region produced is 
firmly attached to the bulk of the fibre, and has mechanical integrity. No 
spectroscopic technique can provide information directly about the strength 
of a material. However it is reasonable to assume that a very thick 
oxidised layer would be detrimental to composite properties, and therefore 
it would be useful to be able to determine the thickness of the oxide after 
different levels of surface treatment. The oxidised layer produced by 
normal industrial surface treatment cannot be detected by infrared 
techniques (photoac oustic, IR microscope, diffuse reflectance and 
attenuated total reflectance), but can be easily monitored by X-ray 
photoelectron spectroscopy (XPS). The stoichiometry of the outermost 5-10 
nm can be probed by carrying out variable angle XPS. The variation of 
fibre composition over a greater depth requires the use of a sputtering 
technique to erode the sample surface. This was carried out both by 
monitoring the secondary ions (dynamic SIMS) and by periodic analysis of 
the sample surface by XPS. A number of fibres w%s ; also analysed by
Rutherford back scattering, which is an established technique for the
determination of the thickness of thin films and buried layers.
6.2.1 Depth profiling experiments
With a planar surface, the variation of signal intensity as the sample is
etched is reasonably straightforward to interpret. However in this case a
series of cylinders are being etched, which could also be rough on the same 
scale as the oxide thickness. The shape of the profile for smooth 
spherical particles has been calculated by Cross and Dewing (1979). This 
method has been adapted for close packed cylinders (j^pendix D). The 
analysis requires that the initial coating is continuous, of constant 
thickness and smooth. The "skin" and "core" material are assumed to etch 
at the same rate, and ion intensity is proportional to the exposed analysis 
area.
Using the methodology of Appendix D, it is possible to construct idealised 
depth profiles for different overlayer thicknesses. Initially all the 
signal will arise from the oxidised layer. Once a thickness d, equal to 
the depth of the oxidised layer, has been removed, the amount of signal 
originating from the core will increase. Figures 6.9 a and b show the
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relative magnitudes of the overlayer and core signals as a function of 
depth for two values of d (0.5 /m . and 10 nm), from a time t when the 
overlayer has been etched through.
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SIMS depth profiling was carried out at the UMIST surface science facility 
and at BP using two different primary ion beams. The conditions were 
chosen to give a conparable ion current density on the sanple.' A VG LMIG 
100 Gallium liquid metal ion gun, operating at 10 keV, 0.22 nA (current 
density 0.24 / jh c a r^  ) was used at UMIST, and at BP an AG61 argon ion gun 
operating at 4 keV, 2.3 nA (current density 0.22 //A cm~2).
In both cases the ion beam was rastered over more than one fibre, 300 x 
300 /ym (= 50 fibre diameters) and 1025 x 1025 ^m at BP (= 150 fibre 
diameters). It was not possible to record the signal from a single fibre, 
as at this level of magnification the current density is so high that the 
oxygen signal decays before the spectra can be recorded.
Typical profiles from the UMIST system using a 10 kv Ga+ primary beam are 
shown in figure 6.10 a, b and c obtained from untreated and surface treated 
fibres. Oxygen (0“, 16 Daltons) has been taken as characteristic of the 
surface treated layer, and the carbon-nitrogen fragment (CN“ , 26 Daltons) 
as indicative of the "bulk" fibre. For all saitples, as the profiles 
continue, the O" signal decays, while the O T  signal increases. There is 
no evidence of a period when the signal arises solely from the oxidised 
layer. This indicates a very thin layer, or a patchy oxide.
There are reproducible differences in the relative intensities of the two 
signals, depending on the level of oxidation, with the initial oxygen 
intensity increasing as the level of oxidation is increased. The initial 
oxygen signal from the untreated fibre ([0]/[C] 0.03) is 1/6th of the 
maximum intensity of the Q T  signal, which is of non zero intensity at the 
beginning of the profile. The CN“ signal increases steadily with elapsed 
etch time, reaching a plateau value after appproximately 60 cycles. The 
second profile is obtained from fibres P282-1 (treatment A, [0]/[C] 0.1).
In this case the initial oxygen signal is approximately 1/2 of the maximum 
CN~ intensity. Unlike the untreated case, the oxygen signal is greater 
than the Q T  signal for the first 30-40 cycles of the etch. The final 
profile is from fibres P281-5 (AB treatment, [0]/[C] 0.3). The initial 
oxygen signal is approximately 3x higher than the maximum CN" signal.
A typical profile using the 4 kV argon ion beam (BP system) is shown in 
Figure 6.11 for P238-1 [0]/[C] = 0.33. It is similar in appearance to the 
profiles obtained with the Gallium beam, showing a rapid drop in the CT 
signal, while the CN" signal increases.
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At first sight the shape of the profiles are similar to that calculated for 
the close packed cylinder example. However the experimental profiles do 
not show a period when the signal arises solely from the oxidised region 
(O' signal decays from time zero). The calculated curves are plotted from 
time t after the oxidised layer has been etched away. This can be 
explained by the oxidised layer being extremely thin (as suggested from the 
rapid loss of oxygen) or incomplete coverage, leading to signal from both 
oxidised regions and "unoxidised" regions from time * 0 .
An estimate of the etched depth was obtained by converting the time axis 
into a depth axis. This requires a knowledge of the etch rate of the 
materials in question. The etch rate is dependent on the incident ion, the 
ion energy and current density as well as the the material, so the etch 
rate may not be constant throughout the experiment. However approximate 
values can be obtained if the etch rate is assumed (appendix D). The 
calculation gives the oxide thickness on the fibres to be in the range 0.3 
to 1 nm. If this were, the case, XPS angle resolved experiments should show 
an enhanced oxygen signal at glancing angles. These depths are also not 
consistent with the [0]:(C] ratios calculated from the XPS analyses, as the
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outer monolayers would have to be more than 100% oxygen to obtain the 
necessary concentration of oxygen in the analysis depth.
Further profiling experiments were carried out using XPS to analyse the 
surface after successive etches. These experiments were carried out in the 
Department of Materials Science and Engineering at the University of 
Surrey. An argon ion gun was used, \diich was calibrated to produce an etch 
rate of 0.6 nm min~^ of tantalum pentoxide. In addition to the surface 
oxidised fibres, sized material was also etched, as the approximate 
thickness of the epoxy coating was known (40 nm).
The 10]/[C] results from the XPS analyses after ion etching are given in 
figure 6.12. Like the SIMS profiles, the drop of the oxygen signal is very 
rapid, for the surface oxidised fibres and the sized fibres. It is known 
from SEM of the sized fibres, that the size layer is smooth and continuous. 
If etching wagrbccuring as expected, at an etch rate equivalent to 0.6 
nit\/min, the oxygen ion profile should be static for around an hour for a 
layer thickness (d) of 40 nm. However is is well known that organic 
materials are rapidly damaged by ion beams, tending to de-oxygenate forming 
amorphous carbon. It is not known whether "oxidised carbon" will behave as 
an inorgaf^b^ oC orga#c^ material, but the similarity of the etches for 
both sized and surface treated fibres strongly suggests that ion beam 
damage is occurring in both cases.
The C(ls) spectra from the surface treated fibres were also compared before 
and after the etches to assess the loss of functionality from the fibre 
surfaces. The high binding energy peak (assigned to carboxyl) disappears 
after etching, although the width of the peak before and after the etch is 
similar in magnitude. The width of the peak after the etch is not a 
function of the amount of surface oxidation, as the analysis shows the 
level of oxygen to have fallen. The width of the peak is therefore taken 
as indicative of extensive disordering of the carbon (Evans 1977). The 
shape of the C(ls) region of the epoxy sized fibre changes after only 30 
seconds of etch (equivalent to 0.3 nm of tantalum pentoxide), showing 
tailing to high binding energy. This indicates ion beam damage to the 
epoxy coating, converting the surface layers into amorphous carbon.
The results of the etching experiments suggests that either the oxidised 
material etches extremely rapidly, or that the fibres are not in fact 
etching in the expected manner. One explanation for these results could be
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that the oxidised regions are very sensitive to ion beam damage. The decay 
in the oxygen signal is produced not by etching through a layer of oxidised 
material, but from the loss of the oxygen atoms from the carbon matrix.
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Figure 6.12 Fall of 0(ls) signal with increasing etch time
6.2.2 Angle resolved experiments
The analysis depth for XPS is a function of the energy of the ejected 
photoelectron. It is also dependent on the orientation of the sample to 
the analyser, with the depth maximised at 90°, falling as the angle with 
respect to the surface is decreased (glancing angle), see Chapter 3. This 
can be used to detect any inhomogeneity within the maximum sampling depth 
(= 3X), If an overlayer is much thicker than 3X then no signal will be 
detected from the underlying substrate and there will be no variation with
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angle. If the overlayer is thinner than 3X, (of the order of 1 nm thick), 
there should be a strong oxygen enhancement at low angles.
The analysis of the results is complicated by the specimen geometry. There 
are two effects to consider. The first is the effect of the macroscopic 
roughness of the saitple (cylinder rather than planar surface) on the 
relative signal intesities from the overlayer and the substrate. At any 
angle, the signal from the overlayer will be enhanced relative to that from 
a planar sample with the same overlayer thickness. This is a result of the 
shape of the surface increasing the apparent depth of the over layer at the 
edges of the cylinder. The approximate effect can be evaluated by assuming 
that the over layer conposition is fixed and and forms a continuous, smooth 
film. For coatings of <3X, this can give rise to a surface enhancement of 
around 3/2 (appendix E). This enhancement will tend to attenuate any angle 
dependence.
The second effect will arise from the microscopic roughness of the sample 
surface, which could give rise to both X-ray and/or electron shading.
Since the extent of surface roughening is uncertain, it has not been 
attempted to calculate the effect of this, either for the straightforward 
XPS analyses, or for the angle resolved studies. However the work of 
Fadley et al (1974) has shown that if significant roughness on the scale of 
X exists then angle resolved results should be interpreted with extreme 
caution. Inspite of these complications, surface enhancement of oxygen on 
fibres has been reported by Jones (1989) on plasma oxidised fibres.
6 .2.2.1 Results
These experiments were carried out on a number of fibres with different 
levels of surface oxygen (and different modes of surface treatment). The 
take-off angle was changed relative to the axis of the fibres, ie tilt was 
normal to the fibre axis. Wide scans were taken at each angle to check 
that the sample substrate was not being analysed before the narrow scans 
were run.
Samples were produced by laying tows next to each other on a mild steel 
coupon. The fibres were secured by spot welding a thin steel strip across 
each end of the sample.
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The variation in the level of surface oxygen of the fibres as a function of 
angle is  plotted in figure 6.13. There is slight variation in the level 
of surface oxygen for all the fibres. In most cases there seems to be an 
surface enhancement of oxygen although in the case of the AB treated fibre 
(highest level of oxidation) the level of oxygen decreases at glancing 
angles (lowest penetration). On a flat sample with a similar elemental 
compos it ion, this would indicate a thin carbon layer on the oxidised 
material.
For a flat saitple the lack of significant surface enhancement would imply 
that a) the oxide extends deeper into the sample than could be investigated 
by XPS, and b) the outermost layers have an average homogeneous atomic 
conposition (surface could have an island-like distribution). However the 
absence of an angle variation does not necessarily mean a thick homogeneous 
layer if the fibre surface is significantly rough.
Comparison of the carbon peak shapes at each angle shove that there is no 
significant variation with angle. This would suggest that there is not a 
large difference in the types of functionality on the outer surface and at 
some depth into the oxidised layer.
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Figure 6.13 Data from XPS angle resolved experiments
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6.2.3 ^
As discussed in Chapter 3 this is a high energy ion beam technique. It has 
been used extensively for the determination of layer thicknesses and 
identification of buried interfaces in the electronics industry.
Preliminary experiments carried out by Dr C Jeynes^indicated a difference 
between untreated and surface oxidised fibres, which prompted a more 
extensive study to see if differences could be detected between levels of 
surface treatment. The spectrum from the untreated and surface oxidised 
fibres are given in figure 6.14 a and b. The fibres investigated and the 
results are given in table 6.2. This more systematic study showed that the 
oxygen signal decayed with increasing exposure to the beam, so the length 
of the experiments was u kept to a minimum. This has an adverse effect on 
the signal to noise, however higher levels of oxygen were detected on 
fibres with a higher level of oxygen by XPS. This is further evidence that
Table 6.2 Results from RBS investigations
Fibre [0]/[C] 
(by XPS)
O/cm^
xlQi4
P301-2 0.128 29
P301-8 0.164 64
P301-9 0.192 49
P301-12 0.322 124
P301-14 0.319 151
the oxidised layer has an average thickness of the order of tens of nano­
metres, for layers of 1 nm thickness would not be detected by this process. 
Fibres P301-12 and P301-14 had similar levels of oxygen detected by XPS, 
although P301-14 had experienced a more severe surface treatment. The 
concentration of "surface” oxygen on these fibres by RBS is approximately 
120% that of P301-12, indicating that the oxidised region is thicker on 
P301-14, although the surface concentrations of oxygen (by XPS) are 
essentially the same.
6.2.4 Summary
The ion profiling experiments indicated that the oxidised regions were 
either very thin (<lnm), or were very sensitive to ion beam damage. The 
o r  ion fragment at the start of the profiles may indicate a patchy surface 
with areas of oxidised and unoxidised carbon. The lack of major oxygen 
enhancement in the angle resolved experiments, and the results from the RBS
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investigations, provide support for the indication that the "oxide" is 
thicker than 10 nm (-3X), and probably of the order of 20-30 nm.
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Figure 6.14 RBS spectra from a) untreated and
b) AB treated carbon fibres
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6.3 MEASUREMENT OF FIBRE SURFACE TREATMENT HETEROGENEITY
All the investigations so far have inplicitly assumed that whatever the 
form of the oxidation of the fibres, it forms a continuous homogeneous 
layer. Gross levels of surface treatment heterogeneity have been 
identified as a result of the design of the surface treatment rigs.
However there has been no study of the homogeneity of oxidation within an 
individual tow, or along the length of individual fibres. This could have 
a large effect on the laminate properties, since the extent of fibre-resin 
bonding could vary from place to place depending on the level of surface 
oxidation. This kind of heterogeneity will also affect the interpretation 
of single fibre tests.
The quantification of oxygen on single fibres was attempted by Auger 
spectroscopy at the University of Surrey. Very low current densities 
resulted in the desorption of the oxygen from the surface (cf ion beam 
damage). Carbons are known to be sensitive to electron beams (Mizokawa 
1987), and this could cause the loss of oxygen from the matrix. Contact 
angle investigations on carbon fibres have been reported (Dynes 1974, 
Kaelble 1974, Schultz 1981, Robinson 1985, Briggs 1989), indicating changes 
in surface chemistry as a result of surface treatment. Measurements on 
single fibres using the Wilhelmy plate technique (as outlined in Chapter 3) 
were therefore used as an indirect method of determining the homogeneity of 
surface oxidation.
6.3.1 Contact angle measurement
The contact angle of a liquid on a solid surface is related to the surface 
energy of the liquid/vapour, solid/vapour and liquid/solid interfaces.
These quantities in turn are related to the molecular structures of the two 
materials (liquid and its vapour and the solid), and therefore their 
surface chemistry. The surface energy of a liquid can be separated into 
components due to dispersive interactions. Yd/ and those due to polar 
interactions, Vp/ (more correctly, non-dispersive interactions). Contact 
angle data from a range of pure liquids on an unknown surface (carbon 
fibres) can therefore be used to calculate the polar and dispersive 
components.
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6.3.1.1 Experimental
A  range of unsized BPCHI fibres with differing levels of surface oxidation 
was analysed. Table 6.3 shows the fibres, their production date (vdiere 
known) and the level of surface oxidation (by XPS) determined from a sample 
taken from the same tow as the fibres used in the wetting experiments.
This measurement gives the average level of oxidation of the sample.
Fibres were always handled with tweezers. Some fibres were analysed by Mr 
j Booth of Scientific and Medical Products Ltd on a similar instrument and 
these results are included. Where unsized material was available, fibres 
from other manufacturers were also examined for comparative purposes.
Table 6.3 Fibres used in Wetting Experiments
[0]/[C]Fibre Date of 
manufacture
Surface
Treatment*
BPCHI Fibres
P292-6b 7/88 0.036 NONE
P267-lb 11/87 0.322 AB
P301-3 10/88 0.133 A
P301-8 10/88 0.170 B
P301-9 10/88 0.188 AB
P301-14 10/88 0.335 AB
P321-3b 5/89 0.129 AB
P331-0b 9/89 0.178 AB
P338-1 10/89 0.094 B
Other Fibres
Hercules IM7 _ 0.136 ?
T-650/42 - 0.040 N Œ E ?
Average fibre 
perimeter/mm
0.0205
(0.0216)
0.0162 
0.0157
a Surface treatment types refer to proprietory BPCHI oxidations 
A  exposure to ozonated air at elevated temperature 
B electrochemical oxidation 
AB treatment A followed by treatment B
b Fibres analysed by Mr j Booth, Scientific and Medical Products
A  range of liquid probes was used with increasing surface energy and 
degrees of polar nature so that the surface energies of the fibres surfaces 
could be calculated. Details of the liquids used are given in table 6.4.
The advancing and receding contact angles were calculated from the 
force/di stance traces for both cycles.
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Table 6.4 Liquids used in Wetting Studies
Liquid Supplier Grade , Surface Energy (mJnr^)*
Total Yd Yp
Water - doubly
distilled
72.8 21.8 51.0
Ethanediol BDH AnalaR 48.3 29.3 19.0
Formamide Aldrich ACS 58.3 32.3 26.0
Bromo-
naphthalene BDH GPR 44.6 44.6 0
Cyclohexane Fisons Spectro-
grade
25.5 25.5 0
* Literature values - Kaelble 1974
6 .3.1.2 Results
A liquid with a very low surface energy, such as cyclohexane, will 
spontaneously wet most surfaces (contact angle = 0). Such liquids can 
therefore be used to calculate the perimeter of individual fibres, since 
the force is independent of any chemistry or morphology of the surface, 
save where it alters the fibre perimeter. A necessary condition for 
complete wetting is that there will be no hysteresis, ie the advancing and 
receding forces are coincident. At least four fibres from each fibre lot 
were used to determine the average fibre perimeter to be used with the 
other liquids. The nominal fibre diameter quoted b y  BPCHI for these fibres 
(smooth, circular cross-section) is 6.2 /m , leading to a calculated fibre 
perimeter of 19.5 / m . The fibre perimeters calculated from the interaction 
with cyclohexane are given in table 6.5, and show good agreement with the 
expected perimeter. An average perimeter of 20.5 / m  was used for all the 
BPCHI fibres except P301-14.
Figures 6.15 a and b show the raw contact force/distance data for a fibre 
in cyclohexane and water respectively. While the trace for cyclohexane is 
smooth, and shows no hysteresis, the trace for water is completely 
different. There is considerable hysteresis which indicates that the 
surface is heterogeneous for the reasons discussed below. In addition the 
advancing and receding traces are not smooth, with a number of sharp peaks 
and troughs being recorded as the fibre enters and leaves the liquid.
These variations are not due to external vibration, since the effect is not 
seen with all liquids. A few could arise from dust etc adhering to the
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fibre surface, causing a local increase in the apparent fibre perimeter. 
However the majority arise from the liquid interacting with the boundaries 
between areas with differing surface energy. Surface roughness (of the 
type implied by the STM results on the heavily treated fibres) could affect 
the force/distance trace. However the traces for both cyclohexane and 
bromonaphthalene are smooth, showing no major changes in fibre perimeter. 
The measured hysteresis is therefore more probably the result of chemical 
heterogeneity (Sauer 1990).
Table 6.5 Fibre perimeters from cyclohexane
P301-3 P301-8 P301-9 P301-14 P338-1 IM7 T-650/42
Measured 21.5 19.2 18.9 21.2 19.6 15.8 14.6
values/um 20.4 21.2 21.2 21.2 20.0 16.5 15.0
20.8 21.9 21.2 21.5 20.0 15.9 15.0
21.9 20.0 20.4 21.9 20.8 16.4 16.2
19.6 20.8 22.3 21.2 16.5
20.0 21.2 16.9
Average 20.7 20.6 20.4 21.6 20.5 16.2 15.7
Standard 0.9 1.0 1.1 0.5 0.7 0.4 1.0
deviation
Liquids which do not completely wet the fibre will differentiate between 
areas of differing surface energy. The advancing liquid front will tend to 
spread on the lower energy areas, becoming temporarily "fixed" or pinned at 
the boundary between the higher energy areas. This will lead to a high 
contact angle. However idien the liquid front is retreating, the liquid 
will tend to remain on the higher energy regions, leading to a lower 
contact angle. This gives rise to the chemical contact angle hysteresis.
The data for the calculated advancing and receding angles for the first 
cycle are summarised in figures 6.16, 6.17, 6.18 and 6.19.
There is only a limited data set for fibres in bromonaphthalene (non-polar 
liquid). These were all fibres tested at Scientific and Medical Products. 
There is no change in contact angle with increasing surface treatment, and 
no hysteresis.
Ethanediol has a higher surface tension than bromonaphthalene and a 
significant polar contribution. There is contact angle hysteresis, and a 
drop in the average contact angle with increasing levels of surface 
oxidation below [0]/[C] = 0.15.
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Figure 6.15 Typical force/distance traces for fibres in a) cyclohexane 
and b) water
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Figure 6.16 Variation of contact angle with [0]/[C] 
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Figure 6.18 Variation of contact angle with [0]/[C] - 
Formamide
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Formamide has a slightly higher surface tension and polar component. More 
samples were run in this liquid, and this has lead to increased scatter at 
any individual level of surface oxygen. The absolute values for the 
contact angles are similar to those obtained in ethanediol.
Water has a very high surface tension, and is the most polar liquid used. 
The advancing contact angle is high, around 80® for fibres with all levels 
of surface oxidation (advancing contact angle on polyethylene = 100®).
Again there is an indication that the contact angles drop after the initial 
stages of surface oxidation.
Second cycle immersion
All the fibres were subjected to a two cycle immersion to assess the effect 
of exposure to the liquids on the fibre surfaces. In all cases, there was 
a change in the recorded advancing and receding forces on the second 
immersion compared to the original values. The greatest change is expected 
to be with the advancing angle, since b y definition the surface must have 
been exposed to the liquid for a receding angle to be measured. Changes 
could arise from adsorption of the liquid onto the surface, or removal of 
material from the surface into the liquid. If this material is surface 
active, it could re-adsorb on the solid surface elsewhere or change the 
surface tension of the liquid probe. With polymeric materials, surface 
reorientation and swelling can also occur, although it is not thought to be 
likely in this case. The advancing angles for fibres in ethandiol and 
water are all lower on the second immersion, v^ile those in formamide 
increase. This difference may be related to the acid/base character of the 
liquids (ethanediol - acidic, water - aitphoteric, formamide - basic). The 
desizing experiments using a similar compound, dimethyl formamide DMF, 
(Chapter 5) indicated a very strong interaction with the fibre surface.
This type of reaction will permanently modify the surface.
Surface energy calculation
The method uses the geometric mean approximation for the effect of the 
polar and dispersive interactions. A basic program was supplied by Mr J 
Booth which is listed in Appendix F, and was adapted from the Fortran 
program published by Wu (1982). The surface energy of the fibres surfaces 
was calculated from the average values for the contact angles in each 
liquid for both advancing and receding angles for the first immersion.
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These figures are given in table 6 .6 . A  value of 43® (average of all 
results) was taken for the advancing and receding angles in bromo­
naphthalene .
Table 6.6 Average contact angles 
Fibre [0]/[C] Water Formamide Ethanediol
Adv Rec Adv Rec Adv Rec
BPCHI fibres
P338-1 0.094 85+2 42+6 51+5 29+4 52+3 13+12
P301-3 0.133 77+2 39+9 43+10 19+11 44+2 10+11
P301-8 0.170 74+4 28+6 35+14 20+14 44+2 12+6
P301-9 0.188 80+1 29+6 42+6 3±5 44+2 17+5
P301-14 0.335 80±3 35±16 46±7 26+8 52±5 25±9
Other fibres
T650 0.040 81±6 64+8 56+6 19+13 39+3 0
IM7 0.136 66+5 26±16 33±10 23±9 29±7 24±6
The results of the surface energy calculation are given in table 6.7 and 
are shown graphically in figure 6.20. The difference in the calculated 
fibre surface energy arising from the choice of advancing or receding angle 
data is a consequence of chemical heterogeneity along the fibre. The 
magnitude of the advancing angle will be dominated by the low energy 
regions on the surface. The receding angle will be dominated by the higher 
energy regions.
Table 6.7 Surface energies of carbon fibres
Fibre [0]/[C] Advancing 
Yd Yp Ytot
Receding (mJnr^) 
Yd Yp Ytot
BPCHI fibres 
P292-6 0.036 36 3 39 33 14 47
P338-1 0.094 35 3 38 30 24 54
P301-3 0.133 35 6 41 30 26 56
P301-8 0.170 35 8 43 28 31 59
P301-9 0.188 36 5 41 29 30 59
P301-14 0.335 34 5 39 29 27 56
Other materials 
T650 0.040 29 12 41 36 14 50
IM7 0.136 34 12 46 28 31 59
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Figure 6.20 Variation of Yp and Yd with the level of surface oxidation
The advancing angle data gives rise to a total fibre surface energy 
dominated by dispersive interactions (red points), with only slight 
dépendance on the extent of surface oxidation. The total surface energy 
calculated from the receding angle data (green points) is numerically 
larger than that obtained from the advancing angles. The increase is due 
to a much larger polar component. The value of the polar component is 
strongly dependent on the extent of surface oxidation up to values of 
[0]/[C] around 0,15.
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The surface energy values obtained for some carbon fibres that have been 
reported in the literature are given in table 6 .8 . These data were all 
obtained from the advancing contact angles on the various materials, using 
the graphical method of Kaelble (1974). They show an increase in the total 
surface energy of the fibre after surface treatment, which is mainly due to 
the increase in the polar conponent. This suggests that these surface 
treatments are effective at increasing the polar nature of the majority of 
the fibres surfaces.
Table 6.8 Surface energy results from the literature
Level of surface Advancing angle data
oxygen (% atomic) Yd Yp Ytot
Graphite <2 33 4 37
Hercules®
HM-U* 5 33 8 41
HM-S 9 28 21 49
A-U 9 27 24 51
A-S 20 26 30 56
Hercules?^ 2 27 9 36
7 26 22 48
12 24 22 46
* U unoxidised. S surface treated
a Kaelble 1974 
b Briggs 1989
All surface energies reported as mN.mr^
6.3.1.3 Discussion
The variation of measured contact angles between fibres taken from the same 
tow is large, suggesting that there are considerable differences in surface 
chemistry between fibres which should have experienced the "same" level of 
surface treatment. However, this scatter is also present on the untreated 
fibres, which would be expected to have a relatively homogeneous, 
hydrophobic surface. The fibre to fibre variation may therefore not be 
directly related to the surface oxidation. The overall change in contact 
angles with the increase in average levels of surface oxygen 4 ^ -- slight, 
and plateaus above [0]/[C] levels of = 0.15. Possible variations are 
swamped by the fibre/fibre differences.
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with the non polar probe (bromonaphthalene) there was no hysteresis and no 
variation with extent of surface oxidation. It should be noted that only 
one fibre was tested at each level of oxygen, so that the fibre to fibre 
variation cannot be assessed. This liquid can only interact with the fibre 
surface through dispersive interactions. This result shows that the 
dispersive contribution of the fibre surface is essentially invariant over 
the \diole range of surface treatments. The other liquids have higher 
surface energies and can interact with the fibre surface via "polar" as 
well as dispersive interactions. With these liquids there is significant 
hysteresis, and a slight variation of contact angle with the extent of 
surface oxidation. This can be explained by the fibres surfaces being 
chemically heterogeneous. The non-polar areas are unaffected by surface 
treatment, while the polar areas become more polar with surface treatment 
(up to [0]/[C] = 0.15).
The surface energy results suggest there are a range of heterogeneous areas 
along the fibre length which are probed by the different solvents depending 
on their surface energy. There could also be more specific interactions of 
the donor/acceptor type, with formamide for exanple.
The proportions of polar and dispersive conponents calculated from the 
advancing data in this study are comparable to those reported for fibres 
with very low levels of surface oxidation in the literature. However 
additional information was obtained in this work from application of the 
surface energy calculation to the receding angle data. These values are 
numerically very similar to those quoted in the literature for treated 
fibres. A  possible explanation for the difference in the surface energies 
derived from the advancing angle data in this study, and those reported 
elsewhere, is that the fibres used here have become partially contaminated 
with a low energy material (hydrocarbon). Areas with even a monolayer of 
contamination would then appear as areas of non-polar character to the 
probe liquid. Non-uniform distribution of this contamination would then 
lead to the measured hysteresis, with the advancing contact angle 
essentially monitoring the contaminated areas, with the "clean" polar areas 
probed by the receding liquid.
Evidence for hydrocarbon contamination
A number of techniques have indicated that the fibres surface may be 
contaminated with hydrocarbon type material. The angle resolved XPS
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experiments (section 6 .2 .2 ) suggested that there could be a thin carbon 
overlayer over at least part of the sample surface. Static SIMS 
experiments carried out on both untreated and surface oxidised fibres gave 
very similar positive ion spectra, with characteristic aliphatic ion 
fragments.
However due to thejÿcertainties in the interpretation of these results, 
further experimental evidence was sought though the application of ion 
scattering spectroscopy (ISS), which is only sensitive to the outer atomic 
layer. As described in Chapter 3, this is sensitive to elemental 
composition of the outermost monolayer (except hydrogen). Two fibres 
(P367-6, untreated and P301-12, AB treated) were analysed using helium ions 
of lOOOeV energy. These fibres had [0 ]/(C] ratios of 0.034 and 0.286 
respectively from XPS.
A gold foil was used as a calibration sample. The spectra from the two 
fibre mat samples are given in figure 6.21 a and b. The absolute intensity 
of the scattered ions is much lower than for a control gold sample. 
Scattering from carbon materials is low because of the surrounding 
hydrogen atoms. In addition the fibre mat is not flat, and scattered ions 
could be "lost" in between the fibres. However the relative intensities of 
the carbon and oxygen peaks are very similar for the two fibres, indicating 
that the surface of the AB treated fibre is not oxygen rich compared with 
the untreated fibre. This gives further credence to the hypothesis that 
the surfaces of the fibres are contaminated with a carbon rich material.
6.3.2 Summary
The raw contact angle data from a single fibre show, significant 
hysteresis. Although surface roughness can give rise to contact angle 
hysteresis, it is not believed to be an important factor for these fibres. 
The hysteresis is therefore explained by a chemically patchy surface. 
However, the fibre to fibre variation of contact angle for samples taken 
from a single tow, is also large. This means that the extent of surface 
treatment also varies between fibres.
Surface energy calculations on the averaged data show that the non-polar 
regions on the fibre are essentially unaffected by surface treatment, while 
the polar areas become more polar with increasing surface oxidation up to 
(0]/[C] values of around 0.15. Above this level there is little variation
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in the calculated surface energies. This means that even if enough samples 
were tested to generate a good average, it would not be possible to 
differentiate between fibres which had surface oxygen ratios above 0.15.
a) untreated fibres
Carbon
Oxygen
b) AB treated fibres
to
4J
O
Energy
Figure 6.21 ISS spectra from a) untreated and
b) AB treated carbon fibres
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6.4 CONCLUSIONS
The aim of the work reported in this chapter was to characterise the 
physical state of the fibre surface before and after surface treatment.
This information is required, in addition to data on the chemistry of the 
surfaces, to enable the relative merits of different adhesion mechanisms to 
be assessed.
The topography of the surface has been investigated by SEN, STM and gas 
adsorption, the extent of oxidation into the fibre surface by SIMS, angle 
resolved XPS and RBS; and the magnitude of surface heterogeneity, along a 
single fibre and between fibres, by contact angle studies. The range of 
approaches has provided a method to cross check the results from the 
individual techniques.
The investigation of fibre topography indicated that there were no large 
changes in the total surface area or porosity of the surface as a function 
of surface oxidation. In fact, it would be difficult to differentiate 
between untreated and surface treated fibres by SEN and gas adsorption 
techniques alone. The STM results did show a clear difference, not only 
bdtween untreated and surface treated fibres, but also between different 
levels of surface oxidation. There are two areas of difficulty in 
comparing these results with the more conventional methods. One arises 
from the different information "resolutions" of the of the techniques. Gas 
adsorption has no spatial resolution, and extreme surface sensitivity. SEN 
has a high spatial resolution, but electrons originate from some depth 
within the sample. The information content of the images also relies on 
there being significant contrast between the features in the surface. STM 
can give atomic resolution, and appears to be surface sensitive. However 
there is some uncertainity about the depth from which information can be 
obtained, especially on samples with a thin insulating layer (Aether oxide 
or contamination) which may be transparent to the technique. The other 
area of difficultly arises from the interpretation of the STM images 
themselves. This will only be resolved by advances in the area of STM 
analysis as a Wiole, coupled with more extensive examination of the fibres.
Relevant to the problem of interpretation are the wetting experiments.
Like gas adsorption, contact angle measurements are sensitive only to the 
outermost surface layers of the material, but the averaging effect is much 
less (due to the size of the sample). The contact angle data indicate that
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individual surfaces are highly heterogeneous, and the current understanding 
indicates that this is more likely to be a chemical effect, rather than due 
to roughness. The results also showed that the differences between 
individual fibres were larger than those across the range of surface 
treatments. This was confirmed by the ISS results (averaging over many 
fibres) which showed the chemical composition of untreated and surface 
oxidised fibres to be very similar. The SIMS studies and Auger studies 
confirmed that the oxidised region was extremely damage sensitive. The 
lack of significant differences in the XPS, angle resolved studies can be 
rationalised by a patchy surface, a rough surface or a homogeneous coating 
of thickness > 5 nm. In conjunction with the other information available 
from the surfaces, the patchy surface is most likely.
Surface treatment results in the formation of oxidised material on the 
fibre surface which grows with increasing extent of treatment. Etching of 
the fibre surface, if it occurs, does not give rise to large etch pits or 
increased porosity. The oxidised material is not distributed evenly over 
the surface, this is probably a result of the inherent structure of the 
carbon in the surface layers. It is difficult to conceive of any 
"graphitic" structure remaining in the highly oxidised regions, due to the 
high ratio of oxygen to carbon.
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CHAPTER 7
7. MECHANICAL RESPONSE OF COMPOSITES
It has been stated that the interface plays a crucial role in determining 
the response of a composite material to an external load. This arises as 
it is through the interface that the applied load is transferred from the 
matrix to the fibres. Since the matrix has a lower strength and stiffness 
than the fibres, stress transfer is vital if the composite is not to fail 
prematurely.
The mode of composite failure is also determined in part by the extent 
of interaction across the interface. After a fibre failure in a uni­
directional (UD) specimen, loaded in tension (in fibre direction, 0® 
tension), stress is transferred though the matrix to the surrounding 
fibres. If the interface is too strong, the initial failure will lead to 
catastrophic failure of the composite, and the material will be brittle.
At an intermediate level of interface strength, shear failure of the 
interface will occur, adsorbing energy and dissipating the stress 
concentration around the broken fibre.
While the tensile properties of composites with weak interfaces can be 
poor, their impact/damage tolerance, ie the toughness of the material will 
be much higher than stronger composites. This is because toughness is 
related to the amount of energy the material can absorb. This in turn is 
related to the number of failure mechanisms available to the material. In 
a composite with weak interfaces, a fibre failure usually results in 
interfacial failure. This is an efficient energy absorbing mechanism when 
the matrix is brittle. It generates a large new surface area as the fibre 
debonds, and can deflect the crack tip. Further energy can be absorbed 
overcoming the frictional forces between the debonded fibre and surrounding 
resin.
Surface treatment technology was developed to overcome the unsatisfactory 
mechanical response of carbon fibre composites. A  good surface treatment 
would give rise to the optimum stress transfer from the matrix into the 
fibres, without compromising the ability of the material to dissipate 
energy, ie its toughness. In addition to these requirements, the surface 
treatment should not reduce the mechanical properties of the fibre (tensile
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strength, thermal oxidative stability etc) or degrade the composite 
response to adverse environmental conditions such as elevated temperature 
and humidity.
Apart from any molecular interactions between the fibre and resin which 
could lead to adhesive forces across the interface, composite manufacture 
itself will tend to introduce stresses into the final material. These 
stresses arise from the need to cure the resin at elevated temperatures 
(thermosets) or the application of thermoplastic melts to the fibres. 
Shrinkage stresses arise during the cure of the resin when cross links are 
formed. Most of this occurs when the resin is still liquid, but if 
shrinkage continues after solidification, high stresses can be built into 
the material. Another source of internal stress is the mismatch in thermal 
expansion of the matrix and reinforcement. The composite is taken to high 
temperatures to maximise the degree of cross-linking. On cooling to 
ambient temperature, stresses will build up in the material. These 
residual stresses can improve the strength of the interface, or weaken it, 
depending on the direction that they act. The thermal history of a 
material should therefore be taken into account Wien comparing composite 
test results from dissimilar systems.
The extent to which the fibres are oxidised has been shown to affect the 
mechanical properties of some fibre/resin combinations (Dunford 1981,
Norita 1986, Lehmann 1986). Most published data has been on older brittle 
epoxy systems, and has tended to concentrate on properties measured at 
ambient temperature. Some results with more advanced resins with 
conditioning have been reported (Megerdigian 1987, 1988). The work 
described here was undertaken to expand the understanding of toughened 
systems under more realistic conditions, ie after environmental ageing.
Sets of mechanical data produced by colleagues at BPCHI and at the BP 
Research Centre are examined in the light of the detailed knowledge of 
fibre surface characteristics built up in the preceding chapters.
7.1 EXPERIMENTAL
Fibres
A  continuous batch of Hitex 42-8 carbon fibre (P301-X series) was produced 
with different levels of surface oxygen, by three oxidation routes (A only, 
B only and AB). The surface treatment parameters were altered to give
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surface oxygen levels above and below those produced with the standard 
settings used at the time. A  single batch of fibre was used to eliminate 
the possibility for variation in composite properties caused by differing 
fibre properties.
The first couple of metres of the web for each run were collected before 
sizing for surface analysis, the remainder of the production run being 
sized with a BPCHI proprietary size. Unsized fibres have poorer handling 
qualities and therefore tend to produce laminates of lower/yariable' 
quality. Laminate specimens were therefore produced from sized material, 
to reduce any artefacts in testing caused by poor quality, Wiich could 
outweigh the changes caused by different levels of surface treatment.
The lot numbers associated with each lot of fibre (each pair of numbers 
refers to the unsized and sized material with the same surface treatment) 
are given in table 7.1, with typical [0]/[C] values from tows taken from 
the centre and edge of the web. The three fibre lots treated with ozone 
alone (treatment A), had very similar oxygen levels. These fibres were 
produced before the work reported in Chapter 4 had been carried out. The 
concentration of ozone was altered in the attempt to change the [0]/[C] 
levels. This was shown to be ineffective, temperature being the 
controlling parameter. Unfortunately operational restrictions prevented 
fibres with lower and higher levels being obtained for the programme. As a 
result laminates were only produced from two out of the three fibre lots, 
P301-1/2 and P301-5/6.
Table 7.1 Fibres used in laminate programme
Fibre lot no. Surface treatment [0]/[C]
middle tow edge tow
P301-1/2 A 0.13 0.10
P301-3/4 A 0.15 0.12
P301-5/6 A 0.14 0.14
P301-7/8 B 0.18 0.20
P301-9/10 AB 0.18 0.23
P301-11/12 AB 0.28 0.28
P301-13/14 AB 0.26 0.38
The [0]/[C] levels on the B and AB treated fibres span a wider range, 
although the levels are high compared with normal industry standards 
([0]/[C] < 0.10-0.15). This is due to two factors. It was already known 
that BPCHI fibres were more heavily oxidised than other materials. There 
was therefore interest in straddling these values. In addition the fibres
193
were produced before there was a full understanding of the fibre response 
to surface treatment. The process parameters altered did not change the 
levels of oxidation as much as was expected from the empirical 
understanding of the processes. This made it particularly difficult to 
achieve the low levels of oxidation.
Resins
Laminates were produced by US Polymeric with an amine cured toughened 
epoxy, E7T1-2 and a high t e n ^ rature bismaleimide (BMI) resin, V398. Neat 
resin properties are given in table 7.2. Both materials are thermosets and 
have a complex formulation.
BMI resins are structurally different from epoxy materials. The base unit 
being 4,4' bismaleimido-diphenylmethane (figure 7.1), cross-linking occurs 
through the maleimide double bonds. The mechanical properties are changed 
by structural alterations to the side groups and other components in the 
formulation.
Table 7.2 Neat resin properties
Property Epoxy E7T1-2 BMI V398
Specific Gravity 1.32 1.28
Tg Dry/Wet (RDS) 190/145° C 300/210° C
Equilibrium Moisture
Condition (48hr boil) 2.7% 4.0%
Flexural Strength @ RT 171 MPa 130 MPa
Flexural Modulus @ RT 3.1 GPa 4,7 GPa
Fracture Toughness 1.6 MPa.m®*^ 1.1 MPa.m°-^
Figure 7.1 Structure of 4,4' bi smaleimido-diphenylmethane
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Laminates and testing
The tests were chosen after a preliminary study carried out by other groups 
at BP, so that a full range of properties wqs evaluated relating to 
composite strength and toughness. These tests are listed in table 7.3. 
Laminate testing was carried out by BPCHI and at the BP Sunbury Research 
Centre. Additional tests were carried out on the BMI laminates to 
evaluate its higher "temperature stability. None of the tests provide a 
direct measure of "interface strength", but they are affected to a greater 
or lesser extent as this quantity varies. A  very brief description of the 
geometry of each test specimen and loading follows and schematics of the 
test are given in figure 7.2.
UD tensile and compression strength and modulus (figure 7.2a):-
Composite specimens are loaded in the fibre direction, in either tension or 
compression. Both tension and compression values will be dominated by the 
fibre properties, although compression resistance is enhanced as the matrix 
modulus increases.
Notched tensile strength (figure 7.2b):-
The loading of the test specimen is similar to the tensile strength test.
In this case a multi-directional composite is used and failure is induced 
by deliberately damaging the specimen by drilling a hole in the centre of 
the material and cutting a slot. This has the effect of confining the 
failure to the damaged area.
Open hole compression : similar to above except tested in compression.
Interlaminar shear strength (ILSS) (figure 7.2c) :-
This test gives an indication of the shear strength of the material, 
allowing materials to be ranked. The test comprises of UD sample of 
rectangular geometry, with a low span, to decrease the bending component. 
The specimen is loaded in a 3 point bend to induce shear failure.
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Table 7.3 Laminate tests carried out in study
TEST TOUGHENED EPOXY HIGH TEMPERATURE
E7T1-2 BMI - V398
UD Tensile strength/modulus X X
UD Compressive strength/modulus
RT dry X X
180°F wet (82.2°C) X X
350*F wet (176.7°C) X
Interlaminar shear strength (ILSS)
RT dry X
RT wet X
180°F dry (82.2°C) X
180°F wet X
200°F dry (93.3°C) X
200°F wet X
220°F dry (104.4°C) X
220°F wet X
350°F dry (176.7°C) X
350®F wet ' X
420°F dry (215.5°C) X
Transverse tensile strength X X
Notched tensile strength X X
Gic X X
Gi I c X X
Post impact compression (PICS)
(Boeing specification) X X
Fatigue tests X X
Moisture uptake X X
Edge delamination X X
Open hole compression
RT dry X X
180°F wet X X
350°F wet X
Microcracking X
Shear modulus
+ /- 45, 325°F wet (162.8®C) X
Conditioning temperatures are reported in Fahrenheit, following the 
American convention, with the equivalent Celsius value in brackets.
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Transverse tensile strength (figure 7.2d)
This test also uses a UD composite, though in this case the load is applied
at 90° to the fibre direction. It is clearly dependent on the fibre/matrix
interface strength, though the analysis is not straightforward due to the 
stress concentrations \diich arise around the fibres.
Post impact compression (PICS)
A  multi-directional (+/- 45°) panel is impacted a drop weight. The 
extent of the damaged area can be assessed by an ultra-sound scan across
sample to determine the extent of delamination/voids (C-scan), the test
specimen is then loaded in compression. The level of interface interaction 
will affect the magnitude of delamination, and so affect the final 
compression strength.
Edge delamination :-
This uses a specimen with a +/- 45° lay-up, loaded in tension. The edges 
of the test sample are polished to remove cutting defects before testing, 
and loading continued until cracks appear at the edge of the material.
This test is used to compare different materials.
Shear modulus (figure 7.2e) :-
This also uses a +/- 45° fibre lay-up, with the test sample loaded in 
tension. Strain gauges are attached perpendicular to, and in the direction 
of the load. This leads to an approximate measure of the shear modulus.
GiC f «lie
These tests measure the energy required for crack propagation in Mode I 
(tensile) and Mode II (shear) failure. Both require UD test 
samples. In both cases a crack is deliberately introduced into the 
material. For the Gjc measurement, this crack is grown by loading the 
sample in tension (figure 7.2f). In the G ^ c  case, the sample is subjected 
to a three point bend loading geometry, leading to shearing at the crack 
tip (figure 7.2g).
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a) UD compression/tension
c) Interlaminar shear strength
4
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e) Shear modulus
4
0,+ 45,-45,0
+
b) Notched tensile 
strength
d) Transverse tension
f) GIC crack opening
g) 6IIC crack shear
NB not to scale
Figure 7.2 Test geometries and loading
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7.2 RESULTS
Detailed discussion of the experimental procedures has been kept to a 
minimum as these were not the responsibility of the author, and discussion 
is concentrated on the implications for the interface. The test results 
can be divided into two categories for each resin, those tests \diich were 
insensitive to the change in the level of surface treatment over the range 
studied, and those which showed a variation. The results are tabulated in 
table 7.4, showing Aether the test result increased (+), decreased (-) or 
remained unchanged (nc) with increasing surface treatment. Some tests 
peaked or troughed with increasing surface treatment and these are 
represented by ±. The composite responses will be discussed separately for 
each resin.
7.2.1 Epoxy E7T1-2
The results of the tests sensitive to surface treatment are shown 
graphically (not to scale) in figure 7.3. They are given schematically as 
it is the trends with surface treatment that are of relevance, rather than 
the absolute values.
The mechanical responses of the composites in most of the tests under dry 
conditions were relatively insensitive to the changes in both surface 
oxygen, and the mode of surface treatment. This is interpreted as showing 
that there is sufficient interaction between the resin and the fibre for 
maximum stress transfer to the fibres. This is in agreement with other 
reports relating laminate test results to levels of surface oxidation, 
which showed that with epoxies surface treatment was very effective at 
increasing the level of interaction across the interface. Once the 
adhesion is sufficient the failure will nolonger be interfacial, and 
increasing the level of interaction by further surface oxidation will have 
no benefit. This does show that the interface is not degraded by high 
levels of surface oxidation, as the mechanical response does not fall.
However the situation alters after the materials are aged in humid 
conditions. Absorption of water into the resin will affect the bulk 
mechanical response of the material, leading to resin softening. This will 
produce a change in properties independent of the fibre surface 
treatment/interface. However the moisture uptake of the materials
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Table 7.4 Effect of surface treatment on laminate tests
TEST TOUGHENED EPOXY 
E7T1-2
nc
HIGH TEMPERATURE 
BMI - V398
UD Tensile strength/modulus
UD Compressive strength/modulus
RT dry nc
180°F wet (82.2*0 
350°F wet (176.7*0
Interlaminar shear strength (ILSS)
RT dry nc
RT wet -
180*F dry (82.2*0 nc
180°F wet ±
200°F dry (93.3*0 nc
200°F wet
220°F dry (104.4*0 nc
220*F wet
350°F dry (176.7*0 
350°F wet
420°F dry (215.5*0
Transverse tensile strength
RT dry +
RT wet -
180°F wet -
Notched tensile strength nc
Gic nc
Gi ic nc
Post impact compression (PICS) nc
(Boeing specification)
Fatigue tests nc
Moisture uptake -
Edge delamination
Open hole compression 
RT dry 
180*F wet 
350*F wet
Microcracking
Shear modulus 
RT dry
+ /- 45, 325*F wet/dry (162.8*0 
KEY
nc : no change with surface treatment
- : decrease in properties with surface treatment
+ : increase in properties with surface treatment
+
nc
+
nc
nc
nc
+
+
nc
+
nc
nc
nc
nc
nc
nc
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Figure 7.3 Properties showing a surface treatment dependence (Epoxy)
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increased by 30% over the range of surface treatments and this must be 
related to the change in fibre surface treatment. It is probably related 
to the increase in hydrophilic character of the interface as the 
concentration of oxidised groups increases. Water is attracted to the 
interface, vtiich then provides a route into the bulk of the conposite, in 
addition to diffusion through the resin itself. Additionally the water can 
attack the interfacial bonds, degrading the interface. This is supported 
by the measured drop in mechanical performance of the conposites with 
increasing levels of surface oxygen after aging. However the loss of 
properties, presumably related to the decrease in interfacial strength, 
does not necessarily confirm a chemical bonding mechanism. Although 
hydrolysis would explain the loss in strength, it can also be rationalised 
by the water damaging the surface oxidised layer itself. The primary 
interaction could then be physical or chemical, the weakness in the 
composite rising from the instability to water of the oxidised layers of 
the fibres. If this we/S the case it would be expected that the drop in 
properties would be almost independent of resin type, since failure will 
occur in the fibre.
7.2.2 BMI V398
This resin has different bulk mechanical properties to the epoxy, and is a 
more brittle material. Not unexpectedly the absolute values of the test 
results were different. However more inportantly the trends with 
increasing surface treatment were also different. This indicates that the 
adhesion mechanisms are not the same as with the epoxy material. The 
schematic representation of the variation of mechanical property with 
increasing surface treatment Is given in figure 7.4.
Unlike the results for the epoxy material, higher levels of surface 
treatment were shown to be advantageous for some of the BMI properties 
under dry conditions. For example ILSS, G u c  and PICS increased with 
surface treatment. This indicates for the ILSS measurement, the 
interaction between the fibres and resin is still increasing, and has not 
yet reached the resin limit (as was the case with the epoxy material).
The C-scan of the conposite after the inpact of the PICS test showed that 
the damaged area decreased as the level of surface oxidation was raised, 
another indication that the fibre-matrix interaction was increasing.
Unlike the epoxy, the mechanical responses of the BMI material were -
202
T#nWe strength
Surfmce Treatment
WMghtLoee
Surface Treatment
Notched teneie 
•trangth
Surface Treatment
PICS
RTDry
Surface Treatment
CompreaWon
modului
RTDry
Surface Treatment
64anct14QF861IRH
Surface Treatment
RTDryILSS
3«FD ry
Surface Treatment
RTDry
Surface Treatment
7.4 Properties showing a surface treatment dependence (BMI)
203
unaffected by environmental conditioning, even though the water uptake was 
double that recorded for the epoxy. The moisture uptake was uneven,showing 
a minimum at the mid-range of surface treatment. This shows that there are 
fundamental differences between the responses of the two resins to absorbed 
water and this has a large effect on the mechanical performance of the 
composite. It also suggests that water does not significantly degrade the 
surface oxidised layers of the fibre.
BMI's (and other) materials have been developed to withstand higher 
tenperatures than epoxy materials, and therefore it is inportant to know 
the stability of the composite to elevated tenperatures. A  number of tests 
were therefore carried out to determine the thermal oxidative stability of 
the composites. The weight loss of test specimens was recorded, and 
mechanical properties recorded after ageing.
The degree of weight loss increased with surface treatment, and mechanical 
properties fell. It is clear from these results that high levels of 
surface treatment are detrimental to the thermal stability of the 
composite. Thermal oxidative studies on the bare fibres showed that the 
decrease in mechanical performance was directly related to the stability of 
the fibre (as has been shown with other matrices, Scola 1985).
7.3 FACTORS AFFECTING SENSITIVITY TO SURFACE TREATMENT
7.3.1 Level of oxidation
The extent of surface oxidation on these fibres is in excess of the levels 
normally found on carbon fibres, although they span the values \diich have 
been used on commercial products by BPCHI. The levels reported on Hysol 
Grafil fibres (XA and IM) by Robinson (1986) and Megerdigian (1987, 1988) 
for a 4x normal treatment level were only around 9 at% oxygen, which is 
below the lowest level of the BPCHI fibres investigated here. The results 
from these tests therefore do not cover the entire surface treatment range, 
and may not identify the more dramatic changes in coitçosite properties 
which can occur at the lower levels of oxidation, and between untreated and 
treated fibres. The percentage changes in mechanical properties for the 
materials, with a couple of exceptions, are of the order of 10-2 0%.
However they do show that there is sensitivity to the level of surface 
treatment at levels normally associated with "over-treatment", and the 
effects are not always detrimental. There is the additional consideration
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that the total amount of oxidised material is not being quantified by XPS 
analysis (as was shown by the RBS experiments). Thus fibres with similar 
levels of surface oxidation, could possibly have differing mechanical 
properties due to the variation in oxide coverage/thickness.
7.3.2 Method of surface treatment
Fibres were produced by three surface treatment routes, two ozone treated 
fibres (A), one lot of electrochemically treated fibres (B) and three 
levels of the combined ozone-electrochemical (AB) treatment. The A  treated 
fibres had the lower levels of surface oxidation, and the AB fibres the 
highest. The trends shown in figures 7.3 and 7.4 are therefore subject to 
the inplicit assunption that the method of surface oxidation was 
immaterial. From the results of this study on the mechanical behaviour of 
composites it is not possible to determine whether the method of oxidising 
the fibres is an inportant variable. More sanples at higher (treatment A) 
and lower (AB and B) levels of surface oxygen would have to be tested 
before this could be ascertained.
7.3.3 Fibre surface treatment heterogeneity
The conç)osite testing carried out on these fibres required the production 
of a number of conposite panels. These were produced by a filament winding 
route in v^ich successive bobbins of sized fibre, selected randomly, were 
used to produce the prepreg sheets. It was shown in Chapter 4 that the 
level of surface oxidation varied considerably tow to tow across the web 
(variations being greater than the "average" levels quoted to indicate the 
trends). If the tests are sensitive to the level of surface oxidation, 
test specimens having a different distribution of surface treatment levels 
could lead to a higher level of variation in the test results, thus 
reducing the underlying sensitivity to surface treatment.
7.3.4 Resin dependence
The two resin systems have differing bulk mechanical properties, and so the 
absolute values of the conposite responses are not expected to be similar. 
Differences in the overall trend for a particular test geometry will be 
more inportant in determining the effect of surface treatment. For exairple 
the dry ILSS results for the epoxy system show no sensitivity to increasing 
the level of surface treatment. This can be explained by an adequate level
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of interaction having been achieved at even the lowest levels of surface 
oxygen tested here. This would be in agreement with the earlier studies of 
epoxy systems, T/^ere increases in ILSS plateau at surface oxygen levels 
below 0.15 ([0]/lC]). However for the BMI, the dry ILSS values increase 
with surface oxygen. It has been shown (Chapter 5) that the number of 
active sites on the fibre surfaces continue to increase with surface 
treatment. It is possible that with the BMI, a higher concentration of 
surface groups tA required to give rise to the same level of interaction 
across the interface.
7.4 CONCLUSIONS
A  wide range of coirç>osite properties h40  ^ been evaluated for two resin 
systems, with fibres with a range of levels of surface oxidation. These 
levels were all at, or above the industry norm (although below the level 
originally used by BPCHI). As a result of the lack of fibres with low 
levels of surface treatment, large changes in mechanical properties of the 
magnitude seen by other investigators have not been realised. This has 
made it difficult to assess the relative merits of different adhesion 
mechanisms since the variations in most properties are relatively small.
It has been shown that information obtained from one class of resins can 
not be applied to other thermosets. For the epoxy material, even the 
lowest levels of surface oxidation were sufficient to produce adequate 
interfacial interaction. This was shown by the insensitivity of most tests 
to the changes in surface oxygen. This does not mean that chemical bonding 
is not important, but further improvements in composite properties are not 
seen, as failure is cohesive rather than adhesive. However for the BMI, 
some material properties continued to increase with the level of surface 
oxidation. The "optimum" levels of surface treatment for these two systems 
therefore very different.
The conçosite responses to ageing also showed a resin dependence. The 
epoxy material was much more susceptible to damage in humid conditions than 
the BMI. This inplies that the fibre/epoxy interface is being damaged, 
rather than the oxidised regions of the fibre itself (which would be 
independent of resin type).
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CHAPTER 8
8. CONCLUSIONS
There is a very extensive literature covering the surface analysis of 
carbon fibres and the changes brought about by surface treatment, although 
individual publications tend to be restricted to one analytical technique. 
There are also numerous reports of mechanical performance data, from 
conposites manufactured with a wide range of fibres and resin matrices. 
Given the diversity of samples used, it is not surprising that in spite of 
all the work that has been carried out, a "generalised theory" of fibre 
resin interactions has not been forthcoming. This work has reported a full 
investigation of all aspects of fibre surface characteristics vdiich could 
affect fibre resin adhesion, in conjunction with conposite testing, on the 
same materials. The apparent contradictions in some of the data (surface 
area/STM, reactivity/wetting) shows that it is very important that any 
hypothesis is independently verified using another technique, to prevent 
incorrect conclusions being drawn.
The fibres response to the surface treatment processes wqs . investigated by 
XPS analysis, after oxidations on both laboratory and plant scale. The 
level of surface oxidation was taken as indicative of the "extent of 
surface treatment". These analyses showed that for the thermal oxidation 
in ozone, treatment A, the reaction temperature was the most important 
variable, and the ultimate extent of reaction was limited by the 
temperature below 125°C. High levels of surface oxidation could be 
realised at elevated temperatures and extended reaction times. However the 
outer surfaces of these fibres were unstable with respect to water, 
material being lost in a water rinse. This could limit the environmental 
stability of fibres oxidised in this way. In the case of the electro­
chemical oxidation route, treatment B, it was shown that the applied 
potential had to be above a limiting value, the oxygen evolution potential, 
before surface oxides were formed. Above this potential, the amount of 
surface oxidation was related to the quantity of charge passed per unit 
fibre surface area during the experiment, and independent of the applied 
potential. The level of oxidation was also strongly dependent on the pH of 
the electrolyte, the formation of surface oxides being suppressed by 
increasing the pH.
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Tows from different positions in the web treated under similar conditions 
on the plant were shown to have a range of levels of surface oxidation.
The variation between tows from the edge and middle portions of the web 
could be as high as 50%. There was also a variation in the amount of 
oxidation along an individual tow (although this was of a lower magnitude). 
The variation in surface oxidation between materials Wiich have been 
treated to nominally the same extent is an important finding, and should be 
kept in mind #ien correlating results from different analyses. Much of the 
measured variation in the average levels of surface oxidation could be 
reduced by appropriate changes in the design of the surface treatment rig, 
ie to produce a uniform current across the web, as discussed in Chapter 4. 
However some of the scatter could arise from inhomogeneous oxidation within 
the tow itself, the averaged level resulting from XPS analysis then relying 
on how the tow was spread. A  direct measurement of surface oxygen levels 
on single fibres by Auger was attempted, but the surface was found to be 
extremely sensitive to electron beam damage. Thus an indirect method, that 
of wetting behaviour, was carried out. There are significant differences 
in the wettability of single fibres taken from the same tow, but this is 
not conclusive evidence that the surface oxygen levels are different.
The concept of surface treatment producing reactive groups on the surface 
to interact with groups in the resin has been widely invoked in the 
literature to rationalise changes in composite properties after fibre 
treatment. Experiments designed to characterise the reactivity of the 
fibre surfaces after surface treatment were carried out, and showed that 
the extent of reaction with epoxy and amine groups increased with surface 
oxidation. This shows that the number available for reaction continues to 
increase long after conventional wisdom would have decreed that the fibres 
were "over-treated". This increase in reactive groups, and the overall 
increase in oxidised groups would be expected to raise the surface energy 
of the fibres through the growth of the polar interactions. However the 
surface energy of the fibres, as determined by contact angle measurements, 
plateaued at oxygen to carbon ratios of around 0.15. This can be 
rationalised by the oxygen groups produced at the later stages of oxidation 
occurring in close proximity to existing groups, as discussed by Robinson^
* * * * * * * * * * * * * * * * * * * *
1./Robinson R et al., A  Preliminary Assessment of the Role of Fibre Surface 
Properties in Controlling Composite Performance, in "High Tech - the Way 
into the Nineties" (Ed. Brunsch K, Golden H-D and Herkert C-M), 1986, 
Elsevier Sci. Pub., 299-310
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A model for the carbon Is region of the XPS spectrum has been used to show 
how three types of carbon/oxygen functional group types vary with the 
degree of surface treatment. Peak synthesis was carried out on a large 
number of samples, and the model was shown to be internally consistent and 
chemically meaningful. The quantity of all functional groups increased as 
the fibres were oxidised, although the relative proportions of each type 
varied as oxidation proceeded. The shape of the carbon peak was dependent 
on the total amount of surface oxygen, but insensitive to the mode of 
oxidation. This does not mean that fibres with similar surface 
compositions, as determined by XPS, will necessarily produce composites 
with similar properties. Different oxidation routes may alter the spatial 
distribution of the groups changing surface reactivity. Additionally, XPS 
is not able to detect changes on morphology brought about by gasification 
and oxidative etching.
An experimentally determined oxide thickness to compare with the values 
estimated from the surface treatment conditions has proven to be more 
difficult to obtain than at first expected. This has been due to the 
apparent sensitivity to damage caused by ion and electron beam irradiation. 
However the RBS results indicate that the oxidised region does continue to 
grow, while the surface compositions from XPS remain the same. This, and 
the lack of variation in the angle resolved XPS analysis confirm that the 
oxide "layer" is of measurable thickness, and is not confined to oxidation 
at edge sites and defects.
The surface areas determined by gas adsorption did not show any major 
changes on oxidation. This was not the case for the results of the STM 
study Wiich showed large differences in surface structure/conductivity with 
surface treatment. Although the interpretation of this data is difficult, 
this family of techniques (particularly atomic force microscopy AFM) could 
provide the type of detailed structural information that has been lacking 
in fibre characterisation studies to date.
The combination of the results from all the tests carried out gives an idea 
of how the fibre surface changes with oxidation. Initially oxidation 
probably takes place at edge sites of the turbostratic sheets and at 
defects in the structure, as these will be high energy sites. As oxidation 
proceeds, these sites will saturate. BET analysis indicates that the 
surface areas of the fibres surfaces do not increase so it is unlikely that 
oxidation is leading to the formation or widening of pores on a large
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scale, \diich could otherwise explain the increase in average surface oxygen 
levels detected by XPS. The levels of oxygen detected by XPS on the highly 
oxidised fibres ([0]/[C] > 0.3) show that the turbostratic structure must 
be extensively disrupted. The RBS results show that oxidation continues 
into the "bulk" Wiile the composition of the surface layers remains 
constant, but both XPS and RBS are area averaging techniques and therefore 
give no information about the lateral growth of the oxidised regions ie 
v^ether it is a coherent film or island-like.
Composites were produced from fibres with levels of surface oxygen spanning 
a range not normally investigated ie from "normal" surface treatment levels 
up into the range of over-oxidation. Although this was not entirely 
planned, it has shown some unexpected results, particularly with BMI high 
temperature resin. A number of interface sensitive properties continued to 
improve with surface treatment up to the highest levels (Wien tested at 
room temperature). This runs counter to the expected result, that over a 
certain limit, further oxidation would almost certainly lead to a reduction 
on composite properties, regardless of resin type, as the fibre surface is 
damaged. These results show that although the original structure of the 
fibre is extensively modified, its mechanical performance is not reduced. 
The BMI composites made with the highly treated fibres did not show the 
same sensitivity to humdd/wet conditions as the epoxy composites. This 
indicates a fundamental difference between the two resin systems, and 
further work is required to explain this effect. The problem with the BMI 
materials was the low thermal stability, testing at elevated temperatures 
causing serious deterioration in mechanical response. The stability was 
directly related to the stability of the fibres themselves, extensive 
surface oxidation making further oxidation more facile.
The peak synthesis results from A, B and AB treated fibres showed that the 
surface functionality was independent of the treatment route. If the level 
of surface oxygen is the controlling parameter, then the mechanical 
properties of composites produced from fibres with the same overall level 
of oxidation, obtained by different routes should be the same. There are 
smooth trends in the performance data with increasing levels of oxidation 
(treatment type A  ^ B AB), which supports this case, although further 
work using composites manufactured from fibres with high levels of 
treatment A  and low levels of treatment B would be required to verify this.
211
All these observations are only directly applicable to BPCHI fibres, since 
different precursor materials and processing routes could easily lead to 
fibres with completely different surface characteristics, even though they 
may possess similar bulk mechanical properties.
8.1 FURTHER WORK
Further work is required to explain the effect of surface treatment on 
composite properties. It may be that this problem is in fact too complex 
to be answered completely for all systems, but this study has highlighted a 
number of areas where more work would be of benefit. These can be roughly 
divided into those concentrating on fibre surface characterisation, and 
those relating to the behaviour of the composite.
The problem of assessing the homogeneity of the fibre surface should be 
investigated further, particularly if small areas are to be analysed with 
other techniques. The averaging techniques used here (XPS, RBS, BET) have 
been very successful for showing average changes with surface treatment, 
but as the spatial resolution increases so does the difficulty of obtaining 
representative area (without analysing an infinite number of samples). The 
tunnelling microscopies offer the potential to be able to examine the fibre 
surfaces over a range of resolutions, so that large and small scale 
features can be examined. Atomic force microscopy (AFM) can image both 
conducting and insulating materials, and would perhaps avoid some of the 
problems of data interpretation arising with the use of STM. Both fibre 
chemistry and surface structure have been used to explain changes in 
mechanical performance after surface treatment. Surface chemistry can be 
followed readily with XPS, but to date the surface morphology has not been 
investigated to the same level, in part due to the lack of a technique to 
determine morphology on the nanometre scale. A  knowledge of the morphology 
of the fibre surface could be as important as the changes in chemistry, 
though no direct evidence has been available so far.
Laser Raman has been used to probe the fibres surfaces before and after 
surface treatment to investigate changes in the degree of graphitic 
character of the materials. These experiments were unable to differentiate 
between the untreated and oxidised fibres, but the technique has some 
potential to probe the fibres surfaces. The variation of the underlying 
fibre structure could been investigated using the spatially resolved nature 
of this technique, and the modified regions probed if the analysis depth
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could be reduced by suitably adjusting the laser wavelength. If the growth 
of the oxidised regions is island-like, it may be possible to resolve them 
by imaging SIMS (using a time-of-flight (TOP) mass spectometer) of the 
fibres after derivatisation with uniquely labelled compounds. This could 
show how homogeneous surface reaction was (within the limits of the 
technique).
Apart from direct fibre analysis, more work needs to be carried out to 
investigate the interphase "in-situ", in terms of mechanical performance, 
resin conformation etc. This will need to be a combination of idealised 
systems, in addition to investigations of actual composite systems. Of the 
techniques currently available, imaging SIMS is the closest to providing 
the necessary combination of spatial resolution and chemical specificity, 
although sample damage is a problem with quadrupole mass spectrometers due 
to their low sensitivity. The development of TOF analysers overcomes this 
problem, due to the increased ion transmission.
As this study has shown, it is vitally important that the full history of 
the materials is known, and that as many of the parameters are kept 
constant as possible when assessing the effect of surface treatment. 
Commitment is required to develop theoretical models of composite behaviour 
so that it is possible to design surface treatments and other interfacial 
modifications from a rigorous scientific base, rather than rely on 
enlightened experimental "trial and error", since laminate programmes^both 
expensive and time consuming. A  simple test or tests are required which 
can be used to rank particular surface treatments and/or resin/size/fibre 
combinations, which can be related to true composite properties if the 
understanding of the interphase is to match developments in fibre 
cha racterisation.
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APPENDIX A
Calculation of charge passed per unit fibre surface area
In order to be able to calculate the charge passed per unit area of carbon 
fibre surface, it is necessary to know the magnitude of the current, 
experimental duration and the surface area of the fibres. For the purposes
of this calculation the fibre surface area is assumed to be constant and
equal to the geometric surface area, and the current supply approximated to 
DC.
In a typical production run, 160 tows (6K) are run through the B treater at 
a speed s of 18 inches per minute (ipm) with a current I, of 5 amps. The 
length of tow 1 , passing through the cell in a time t is equal to the speed 
X time (s X t).
The surface area of a single fibre = 2mrl (Wiere r is fibre radius)
Therefore area of tow = 6000 x 2mrl
and area of web A^ = 160 x 6000 x 2 mrl
Surface area of web (160 tows, 6K, 6yt/ diameter) = 18 m^/m
Length of web passing through treater in one minute * 0.46 m/min (18 ipm)
Charge passed per minute (for 5 amps) = I x t
= 300 C/ïmin
Thus charge passed/unit fibre area = 300
0.46 X 18
= 36 C /tc?
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APPENDIX B
Monolayer thickness calculation
This method is adapted from that of Waltersson (1982), see references to 
Chapter 5.
The general expression for the intensity of any element i from a layered 
material is given below. It consists of the integral of the signal from 
the overlayer (o) plus the signal (if any) from the fibre (f) or substrate.
Signal from overlayer is 
I? = k.Yi
■d/s i n S
X?.exp-(x/X?) dx
Signal from fibre is 
If = k.Yi Xf . exp-(x/Xf ) dx
d / s  i n 0
where I is the signal intensity
k is an instrument parameter
Yi is sensitivity factor for element i
3Ç , 3^ are the fractions of element i in the over layer and fibre 
0 is the electron take off angle (relative to the sample surface)
X is the inelastic mean free path
The total intensity for fluorine (only present in the overlayer), I  ^ is 
given by the first integral. The total carbon intensity, I^ (present in 
both overlayer and substrate) is given by the sum of the two integrals.
The quantity Wiich is required is d, the monolayer thickness. The 
inelastic mean free paths from the C(ls) electrons from fibre and reagent, 
will probably be slightly different due to the differing densities of the 
materials, but are assumed to be the same. The F(ls) electrons originate 
from the overlayer alone, and are of lower kinetic energy than the C(ls) 
electrons. This means that they should have a shorter ineleastic mean free 
path length, X, since X a Ej • ® . However it is assumed to be equivalent to 
the C(ls) electron mean free path (X=3nm). The total signal from Fluorine 
is ratioed to the carbon signal to eliminate the instrument dependant 
constant k. The expression can then be rearranged to give d, as the 
nun; orical values of all the other quantities are known (see following 
tabulated data).
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n = k.Yp
= k.Yr
■d/ s i n ©
3^ .exp-(x/X) dx
0
d / s  i n ©
3Cg .exp-(x/X) dx + k.Yc
r,oo
3C^ .exp-(x/X) dx
d / s  in ©
Mole fraction of Fluorine in TFEA, 3Ç = 0.50
Mole fraction of Carbon in TFEA, = 0.33
Mole fraction of Fluorine in EFH, 3(g = 0.20
Mole fraction of Carbon in EFH, 3C? = 0.60
Sensitivity factor for Fluorine, Yp =1.00 
Sensitivity factor for Carbon, Yc =0.25
Ineleastic mean free path, X = 3 nm 
Electron take-off angle, 0 = 75°
Fibre
Trifluoroethylamine, TFEA
P336-2
P336-3
P338-1
P338-2
P301-9
P301-3
P301-8
P301-12
P333
2833
5668
2811
3859
4656
4155
5857
8163
9491
24578
25343
35786
33722
30359
36188
31520
29363
24920
0.8687
0.8231
0.9013
0.8673
0.8330
0.8542
0.8371
0.7727
0.7335
Epifluorohydrin, EFH
P336-2
P336-3
P338-1
P338-2
P301-9
P301-3
P301-8
P301-12
P333
1109
1890
904
1187
2395
676
1463
3182
3404
28045
25487
36997
33709
36384
29601
31099
25237
22655
0.8725
0.8215
0.8968
0.8678
0.8433
0.8559
0.8226
0.7582
0.7291
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APPENDIX C
Effect of surface roughness on fibre surface area
The surface roughness on the AB treated fibre images by STM will be 
modelled by topography generated from square base pyramids of base 50 nm 
and height 100 nm.
Surface area of the pyramid, Ap - 4 x area of single face 
Surface area of equivalent smooth surface, Ag * area of base
The ratio of these two quantities will give the scaling factor for the 
geometric surface area of the fibres.
Vertical height h 
Base edge t
Height of triangular face d
Pythagoras' theorem states that for a right-angled triangle, the square of 
the hypotenuse is equal to the sum of the squares of the other two sides.
ie area of a single triangular face A*. = 0.5 x t x d
* 0.5 X t X ( (tf2)^  +h2)o-5
Total surface area Ap = 4 x At 
Area of base A^ = t^
Scaling factor = Ap/A^
= 2t X ( (tf2)2 + h^  )0 • 5
= 2 ((tf2)2 +h2)0-5
t
For t = 50 nm and h » 100 nm 
Scaling factor = 4
Therefore this type of topography will increase the surface area by a 
factor of four over the smooth surface.
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APPENDIX D
Ion etching of close packed cylinders
This calculation is also adapted from that of Cross and Dewings 
calculations for spherical particles.
-t
X
Cross-section Plan
The signal from skin and core is taken as proportional to the areas exposed 
by ideal etching, ie. both core and skin are sputtered at equivalent rates. 
The calculation takes effect after a thickness equivalent to the overlayer 
thickness, d, has been removed.
Let half width of exposed core at time t = x
.. x^ = - h^ where h * aR
=» X2
.. area of core exposed, Ar r
Ac
r 2 (l-a2 )
= 2 x 1
= 21 (R2(l-a2))0'5
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Area of skin exposed = Ag
As = 21(y-x)
= 2 1 (y-x) 
y2 = (R+d)2-h2
= R2+2Rd+d2-a2R2
= r 2(l-a2)+d(2R+d)
As = 21 [(R2(l-a2)+d(2R+d))0'5-(R2(l-a2))0'5]
The surface area of "skin" decreases with etch time as Ag->21d, Wiile the 
are of "core" increases as Ac->21R. These expressions are evaluated for two 
overlayer thicknesses, d = 0.5 and d = 0.005 (R = 2.5 and 3 respectively) 
as shown in the text.
Calculation of oxide depth
Number of charged species /amp = N
Ion current = I
Time = T
Sputter yield = SY (number of secondary ions/incident ion)
Etched area = A
Sample atom density = D
For the UMIST profiles
N = 6.2 X 101*
I = 0.22 X 10-9 Qjnps
T = 360 seconds (150 cycles)
SY = 1 (ie one secondary ion for each incident ion)
A  = 1.44 X 10-4
D = 1.6 X 1015 atoms cmr^ (graphite)
Crater Depth = (N x I x T x SY)
(A X D)
.. crater depth after 150 cycles = 2 monolayers (for graphite = 0.7 nm)
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APPENDIX E
Method for calculation of signal enhancement from rough surfaces
This method is adapted from that used by Cross and Dewing (1979) for 
spherical particles. The overlayer thickness, d, is assumed to be much 
small than the "core" radius R (see figure). The XPS si^al from the 
overlayer is taken as prportional to the volume of material of the 
overlayer (d<3\).
Thus volume of over layer = n(R+d)^h-7iR^h
] ■~T'
= nh(R2+d2+2Rd-R2)
2
= nhd(2R+d)
" i r
This volume will form a projection on the analyser of thickness A.
Volume of projection = (R+d)hA
= nhd(2R+d)
~ T
A  = nd(2R+d) d « R  .*. R+d R as d-X)
2 (R+dj"
= nd
The apparent thickness of the overlayer (and therefore the extent of signal 
enhancement) is given by the factor n times the equivalent signal from a 
planar surface.
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APPENDIX F
Listing of computer program used to calculate Yp and Vd 
1 C L S
5 P R I N T  " S C I E N T I F I C  & M E D I C A L  P R O D U C T S "
10 P R I N T  " L E A S T  S Q U A R E S  S O L U T I O N  OF"
15 P R I N T  " W O R K  O F  A D H E S I O N  "
16 P R I N T
20 D I M  L $ ( 1 0 ) , G D ( 1 0 ) , G P ( 1 0 )
25 P R I N T  "NO. " / ’L I Q U I D " ,  " G A M M A  (D)", " G A M M A  (P)"
30 P R I N T
35 F O R  Z=1 T O  7
40 R E A D  L $ ( Z ) , G D ( Z ) , G P ( Z )
45 P R I N T  Z , L $ ( Z ) , G D ( Z ) , G P ( Z )
50 N E X T  Z 
55 P R I N T
60 I N P U T " N O .  O F  L I Q U I D S  T O  B E  U S E D  ? " ; N  
65 D I M  N $ ( N ) , D P ( N , 2 ) , A ( 2 , 2 )  ,W ( N ) , C ( 2 ) , X ( 2 )
70 F O R  1=1 T O  N
75 P R I N T  " L I Q U I D " ; I ; " I S  NO.";
80 I N P U T  Z
85 D P ( I , 1 ) = G D ( Z )  : D P ( I , 1 ) = S Q R ( D P ( I , D )
90 D P ( I , 2 ) = G P ( Z ) : D P ( I , 2 ) = S Q R ( D P ( I , 2 ) )
95 P R I N T  " C O N T A C T  A N G L E  F O R  ” ;L$(Z);
100 I N P U T  W(I)
170 W ( I ) = ( D P ( I , l ) " 2 + D P ( I , 2 ) " 2 ) * ( l + C O S ( 3 . 1 4 2 * W ( I ) / 1 8 0 ) ) / 2
180 N E X T  I
190 F O R  K = 1  T O  N
200 F O R  1=1 T O  2
210 F O R  J=1 T O  2
220 A ( I , J ) = A ( I , J ) + D P ( K , I ) * D P ( K , J )
230 N E X T  J
240 C ( I ) = C ( I ) + D P ( K , I ) * W ( K )
250 N E X T  I 
260 N E X T  K 
270 D = A ( 1 , 1 )
280 A ( 1 , 1 ) = A ( 2 , 2 )
290 A ( 2 , 2 ) = D  
300 A ( 2 , l ) = - A ( 2 , l )
310 A ( l , 2 ) = - A ( l , 2 )
320 D = A ( 1 , 1 ) * A ( 2 , 2 ) - A ( 1 , 2 ) * A ( 2 , 1 )
330 F O R  1=1 T O  2
340 F O R  J = 1  T O  2
350 X ( I ) = X ( I ) + A ( I , J ) * C ( J ) / D
360 N E X T  J
370 N E X T  I
375 P R I N T
380 P R I N T  " V A L U E S  O F  D  A N D  P  A R E : - "
390 P R I N T  " D = " ; X ( 1 ) * X ( 1 ) , " P = " ; X ( 2 ) * X ( 2 )
392 P R I N T
394 P R I N T " G A M M A ( S ) = " ; X ( 1 ) " 2 + X ( 2 ) " 2
4 0 0  D A T A  " W A T E R "  ,21.8,51.0, " C H 2 I 2 "  , 4 9 . 5 , 1 . 3 ,  " F O R M A M I D E "  , 3 9 . 5 , 1 8 . 7  
4 1 0  D A T A  " C 2 H 4 ( O H ) 2 " , 2 9 . 3 , 1 9 . 0 , " D M S O " , 3 4 . 8 6 , 8 . 6 8 , " B R O " , 4 4 . 0 0 , 0 . 0 0  
420 D A T A  " G L Y C E R O L " , 3 4 . 0 , 3 0 . 0  
425 C L O S E
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